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SECTION 1
INTRODUCTION

Advances in the understanding and applications of novel nonlinear optical phenomena depend
on the detailed characterization of the appropriate materials. The majority of the discoveries in
nonlinear optics has been synonymous with chance observations. Although few theoretical
predictions have borne fruits with careful experimental demonstrations. Examples of the former are
the discovery of stimulated Raman scattering! and stimulated Brillioun phase conjugation.2 Self-
focusing of laser beam?3 and soliton propagation in optical fibers# are excellent examples of the
latter case. In spite of the success in the interpretation of nonlinear optical phenomena, the
understanding of optical materials has followed a path repleted with puzzles and contradictions.
Photorefractive barium titanate is an example of an optical material whose properties are still being
determined, with little success, for the last decade. The main puzzle is that the nonlinear optical
processes in barium titanate can be explained at a rather primitive level, regardless of the large
amount of contradictory data on the microscopic transport parameters that have been measured.>
The objective of this contract was to approach nonlinear optics by attempting to understand, using
basic physical principles, some critical properties of the materials and predict new phenomena that
could be measured in a laboratory setting.

Recent advances in the fabrication of nanometer semiconductor structures have made possible
the study of optical properties of quantum confined systems.6 Semiconductor quantum wells and
superlattices have been grown using the technique of molecular beam epitaxy (MBE).” The
implementation of resonant tunneling devices, based upon the original idea of Tsu and Esaki,8 has
been a subject of intense research. The demonstration of quantum confined Stark effect? has led to
the invention of the SEED device, 10 a crucial component in the operation of the AT&T Bell
Laboratories’ optical computer. Nonlinear optical effects in quantum wells have been investigated
in both the CW and pulsed regimes.!! Dynamic Stark effect!2 has been observed in GaAs/AlGaAs
quantum wells and was explained using the dressed-atom concept pioneered in the field of atomic
physics. In spite of such successes, very little is known concerning the effects of millimeter wave
radiation on these quantum confined structures. As part of the general charter of this contract, we
carried out a detailed study of nonlinear millimeter wave phenomena in semiconductor
superlattices.

Recent developments in focused ion beam technology and MBE have led to the realization of
quantum well wires and quantum dots.!3 Quantum wire lasers!4 have been fabricated and their
output characteristics appeared to be consistent with the energy dependence of the one-dimensional
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density-of-states. Quantum dots have also been demonstrated in GaAs-based materials!5 and II-VI
compound semiconductor.16 The latter are grown by chemical processes and are incorporated in a
matrix for optical studies. However, there exists no definitive nonlinear optical measurements that
elucidate their unique optical properties. In the case of GaAs materials, surface recombination has
been a crucial mechanism that prevented the observation of any significant optical emission.
Nonlinear pump-probe techniques have been applied to CdSe quantum dots, 17 revealing that the
measured blue shift in the binding energy as a function of particle size is consistent with theoretical
predictions.!8 Furthermore, the atomic-like behavior of quantum dots makes them ideal for future
optoelectronic device applications. A significant amount of time was devoted in this contract
toward the understanding of the nonlinear optical and lasing properties of quantum dots.

Photorefractive nonlinear optics was first discovered by Ashkin et. al!® during their study of
laser beam propagation in lithium niobate. Fundamental understanding of the effect was advanced
by Chen.20 The field was revived in the late .970s in the Soviet Union by Vinetskii and
Kukhtarev21:22, who proposed and quantified the idea of energy transfer between two optical
beams. Since then, many experiments have demonstrated the intrinsic nonlinear optical properties
of photorefractive materials. However, simple linear optical properties, such as the intensity
dependence of the grating erasure rate, have been the subject of controversy for the last decade.23
Only recently, an understanding have been achieved through a more detailed model of the
photorefractive material.24 The present phenomenological model indicates that predictions based on
the Kukhtarev model might be at fault. The orientation of this contract was devoted, in part, to the
fundamental understanding of the optical response of photorefractive materials.

Useful applications of phase conjugation in tactical lasers has been limited by the availability
of optical materials which are fast responding, have a low intensity threshold, have a reasonable
phase conjugate reflectivity, and can be operated in the passive mode of operation. The latest
development that has the potential of solving all these issues is the demonstration of a resonantly
enhanced self-pumped phase conjugate mirror.25 The experiments indicated that this unique phase
conjugate mirror has a response time of tens of nanoseconds, a threshold as low as 10 W/cm2, a
reflectivity of 2%, and operates only wher 2n input aberrated laser beam is incident upon it. As
part of our effort to understand the area of phase conjugate optics, a significant amount of research
was devoted to the understanding of the physical mechanism that gives rise to self-pumped phase
conjugate fields.

During the course of this contract, an effort was made to tie our understanding of optical
nonlinearities in semiconductors to specific system applications. One of the most important
problems is the laser hardening of a Forward Looking Infrared Radar (FLIR), a device that has
been fielded in the Army. We exploited the intrinsic properties of II-VI compound semiconductor




superlattices and the behavior of an optical material in the presence of a skewed high intensity laser
beam to arrive at an unique solution to the sensor protection issue.

This theoretical effort has benefited from the constant inspiration and information exchange
that arose from the active participation in several experimental programs that have being funded by
the Army Research Office. Specifically, the substance of this final report is made more relevant to
the mission of the Army through the generous critique and technical collaboration by Profs. Bob
D. Guenther and David D. Skatrud of Duke University on millimeter wave nonlinearities in
superlattices; Prof. Duncan G. Steel of the University of Michigan on laser spectroscopy of
quantum wells; and Prof. Harold Fetterman of UCLA on microwave phase conjugation.

The concept of resonant enhanced self-pumped phase conjugation was originally put forward
by the principal investigator in a previous ARO funded contract. The understanding of the subject
would not have been complete without the experimental help of Dr. Celestino J. Gaeta, who
implemented the idea in sodium and cesium vapors. His contribution is gratefully acknowledged.

The enthusiasm of the author on quantum dots was amplified by the constant support and
world class focused ion beam fabrication expertise of Dr. Randy Kubena, who produced the first
quantumn dot in GaAs. The idea of using the third order optical susceptibilities of HgTe/CdTe
superlattices in a sénsor protection scenario was quantified in a difficult experiment by Dr. Steve
Turley, who measured them using phase conjugation techniques. Our quest for the understanding
of the physics in these two subjects in a period plagued with turbulence at Hughes could not have
been possible without the help of Dr. Ross McFarlane, who was the cheerleader along the way.
The fabrication of the large stack of GaAs/AlGa As superlattices would not have been possible
without the expertise and perseverance of Dr. Tom Hasenberg, Ms. Leslie Warren, and Mr. Jim
Brown. :

During the course of the contract, the objectives became more focused to the needs of the
Army through technical exchanges with Dr. G. lafrate (now at ARO) and Mr. C Cook of CECOM
Electronic and Device Laboratory at Fort Monmouth on semiconductor nanostructures; Drs. P.
Brody and M. Tobin of U.S. Army Harry Diamond Laboratories on photorefractive and
superlattice optical devices; and Drs. Ed Sharp and Gary Wood of CECOM Center for Night
Vision and Electro-Optics on 10.6-um sensor protection using II-VI compound semiconductor
superlattices.




SECTION 2
BRIEF SUMMARY OF RESEARCH FINDINGS

2.1 SIGNIFICANT “FIRSTS”

*  Proposed the use of semiconductor superlattices as nonlinear millimeter wave materials.
Predicted self-induced transparency and third harmonic generation at 250 GHz.

. Calculated the nonlinear optical responses of semiconductor quantum dots, and analyzed the
output characteristics of a quantum dot laser.

»  Developed a theory of transient response of photorefractive materials. Identified, for the first
time, shallow impurity as the origin of the sublinear intensity dependence of the grating
erasure rate in barium titanate.

»  Achieved an-understanding of resonantly enhanced self-pumped phase conjugation; and
demonstrated, for the first time, a CW self-pumped phase conjugate mirror in cesium vapor
that operates at diode laser wavelengths. Identified the phenomenon of light induced drift as
the mechanism responsible for pressure induced temporal oscillations of optical beams.

+  Proposed the use of HgTe/CATe superlattices as the nonlinear broadband material for use in
the laser hardening of FLIR. Calculated the optimum conditions for the beam bending
concept to be effective at 10.6 um.

*  Calculated the effect of exciton-phonon coupling on the spectral lineshape of nearly
degenerate four-wave mixing in GaAs/AlGaAs quantum wells, in qualitative agreement with
experiments. The Fano or asymmetric profile arises from the configurational mixing due to
the existence of a spectrum of longitudinal optical phonons.

The details of these theoretical accomplishments are discussed in later sections.




2.2 MILLIMETER WAVE NONLINEARITIES IN SUPERLATTICES

The future needs in applications of secure short range communication systems have led us to
explore novel millimeter wave interactions with customized materials. We carried out detailed
analytical calculations of nonlinear processes in semiconductor superlattices acted upon by external
millimeter wave radiation fields. In spite of the amount of experimental data on [II-V
semiconductor compounds that have been accumulated in the infrared regime, little is known
concerning their behavior in 250 GHz regime.

The starting point in the analysis is the coupled charge transport and crystal momenturn
equations for the motion of the Bloch carriers directed along the direction of the superlattice
growth. The polarization state of the radiation field is oriented along the plane of the superlattice
structure. Using the Kronig-Penney model for the band structure of the superlattice, we found that
the equation of motion for the carrier velocity obeys a Newton’s second law of motion. The
nonlinearities arise from the radiation field dependence of the superiattice effective mass. That is,
the radiation field induces an additional band nonparabolicity.

The results of our study can be summarized as follows. First, the third order susceptibilities
were obtained from a Taylor series expansion of the superlattice effective mass. The expansion is
valid provided that the superlattice Rabi flopping frequency (Q2 = q d E/) is less than the radiation
frequency w. Here q is the charge of the carrier, d is the period of the superlattice, E is the
amplitude of the radiation field and h is the Planck constant. For radiation fields oscillating at
250 GHz and a superlattice period of 150 A, the maximum field strength is 690 V/cm in order for
the Taylor series expansion to be valid. A direct calculation showed that the third order millimeter
wave susceptibilities is inversely proportional to the oscillation frequency to the fourth power, and
is proportional to the density of carriers and the superlattice periodicity to the second power. We
applied the formula to the case of GaAs/AlGaAs, InAs/GaSb and HgTe/CdTe superlattices, and
found that typical values of the third order susceptibilities are of the order of 10-2 esu at 250 GHz
and doping density of 1016cm-3. These large third order millimeter wave susceptibilities indicate
that semiconductor superlattice can support strong nonlinear effects with small intensity
requirements. Second, we were able to solve exactly the equation of motion for the case of a single
input millimeter wave beam, and found that the nonlinear polarization density is proportional to JQ
(R) + J2 (R), where R is the ratio of the superlattice Rabi flopping to radiation frequencies, and Jo
and J2 are the Bessel functions of zeroth and second order, respectively. The sum of the Bessel
functions have a null for R=3.8 using 250 GHz radiation and superlattice period of 150 A. At this
point, the millimeter wave field can propagate in the superlattice without loss in energy or beam
spreading due to diffraction . That is, the phenomenon of self-induced transparency is intrinsic to




these materials. A numerical estimate of the condition for the observation of the self-induced
transparency gives a critical field strength of 3.9 kV/cm at 250 GHz. And last, we calculated the
conditions for the generation of third harmonic signals. We found that the third harmonic signal
achieves a maximum at the point of self-induced transparency, provided that phase matching
condition is satisfied. These results indicate that appropriate choices of nonlinear interaction length
can render either nonlinear optical phenomena negligible. Hence selectivity of each of the
phenomena can be achieved through material growth. The efficiency of the third harmonic signal is
approximately 0.1 % for an interaction length of 0.04 mm. A practical obstacle to the realization of
these predictions is the limitation in size imposed by the present state-of-the-art growth techniques
of the superlattice structures. To test the limits of the MBE technique, we have successfully grown
a 10 micron structure consisting of Si-doped 100-A-period GaAs/AlGaAs superlattice using
Hughes in-house MBE system (funded by Hughes IRD). The photoluminescence of the samples
showed unique features attributed to the 2-dim behavior. Hence, the growth technique appeared to
be practical if extended to larger samples. More detailed descriptions are to be found in

Appendix A.

2.3 NONLINEAR OPTICS AND LASING PROPERTIES OF
SEMICONDUCTOR QUANTUM DOTS

We carried out detailed analyses of the optical properties of semiconductor quantum dots.
These unique 0-Dim systems are characterized by the delta function dependence on energy of the
density-of-states. Hence they behave much like atoms or molecules. That is, the oscillator strength
is concentrated at discrete energies, unlike the case of bulk semiconductors. We exploited the
similarities of quantum dots and atomic systems to obtain the nonlinear response functions of the
former.

The results of our calculations are summarized as follows. First, there exists three distinct
regimes of quantization for the dots. If the Bohr radii of the electron and hole are larger than the dot
size, then the energy of the carriers are determined by the particle-in-the-box quantization. If either
of the Bohr radius of the electron or hole is larger than the dot size, then there exists an effective
Coulombic potential that changes the particle-in-the-box quantization energy. However if the Bohr
radii of both electron and hole are less than the dot size, then an exciton is formed inside the dot.
The energy of the exciton is determined by the binding energy and the quantum confinement of the
centerof m....  :on of the exciton. We found that enhancement of optical nonlinearities can
occur only in the iast regime. Second, applying the effective mass approximation to the band
structure of the quantum dots in the presence of near resonant radiation fields, we found that the




exciton experiences dynamic Stark shift. We calculated the dressed atom energy levels and showed
that the saturation intensity is enhanced in the regime where the Bohr radii of the electron and hole
is smaller than the dot size. These results are in agreement with recent experiments performed with
CdS quantum dots, which satisfy the exciton confinement criterion26 Third, we analyzed the
possibility of coherent energy transfer between two optical beams in a2 medium composed of
quantum dots. Using the density matrix equations we found that exciton confinement will enhance
the two-beam coupling process. The energy transfer depends on the ratio of the frequency
mismatch between the probe and the pump to the pump detuning from resonance. The strength of
the gain coefficient is proportional to the magnitude of the exciton-phonon coupling constant. No
experiments have been done to confirm these predictions. The details of the analysis are attached in
Appendices B, Cand D

A major effort was undertaken in order to understand the impact of quantum dots on opto-
clectronics. The ope-ating characteristics of a quantum dot laser were analyzed in the regime where
the radii of the electron and hole were large compared to the dot size. Using the quantum transport
equations for the population and optical coherence, we calculated the threshold condition for lasing
as a function of dot size, for specific valves of the decay constants and cavity losses. We found
that the threshold current density decreases for smaller dots. For example, the threshold current
density of 16 A/cm? for dot size of 150 A was reduced to 10 A/cm? for dot size of 50 A. The
oscillation wavelength at the latter dot dimension will be in the 6000 A range, indicating the
possibility of producing visible radiation using quantum dots as the gain media. Furthermore, the
gain profile is symmetric around the transition frequency due to the delta function dependence of
the zero-dimensional density-of-states. We also found that the threshold current density is
independent of the temperature, which is a major improvement in comparison with quantum well
and bulk semiconductor lasers. Hence quantum dot lasers, if fabricated in the future, will provide a
quanturn jump in the field of opto-electronics by lowering the threshold current and relaxing the
temperature requirements which limits the performance of current state-of-the art systems. A
detailed description is to be found in section 4 of this report.

2.4 OPTICAL PHYSICS OF PHOTOREFRACTIVE MATERIALS

We found a solution to the controversial problem of sublinear intensity dependence of the
erasure rate in barium titanate. We attribute the origin of the sublinear behavior to the presence of
shallow traps in the insulating material. The current model of Kukhtarev et al 22 does not give
results consistent with experiments, in spite of its seemingly good quantitative (with suitable large




number of fitting parameters) explanation of macroscopic nonlinear optical processes in
photorefractive materials.

Assuming a shallow impurity band profile, we calculated the space charge field in the
presence of shallow level recombination and detrapping processes. Rate equations for the free
carrier, shallow impurity band and deep level recombination centers are used to obtain the change
in the index of refraction mediated by the electro-optic effect. The results can be summarized as
follows. First, the decay rate is proportional to the light intensity raised to a rational fraction of
magnitude less than unity, in qualitative agreement with all published optical experimental data.
This behavior arises solely from the structure of the shallow impurity band, in contradiction with
recent theoretical model based on a single shallow impurity level. The single impurity-level model
requires a many-parameter fit to the experimental data. The formation of the impurity band arises
from the overlapping of the Bohr radii of adjacent shallow impurities. A simple alculation
indicated that the density of impurities required for the band formation is of the order of 1016cm—3
This numerical estimate is in agreement with recent data obtained from detailed characterization of
barium titanate. Second, The rational fraction or exponent is linearly proportional to the
temperature of the sample and is a function of the spatial grating wavenumber. The latter arises
from the work done by the space charge field on the free carriers. This result agrees with the
experiments of Chang.27 And last, the analytical solutions predict that the response time is an
exponentially decreasing function of temperature. This behavior is due to the Fermi-Dirac
distribution and the density of states of the impurity band. This theoretical model also predicts that
the effective width of the impurity band is approximately 0.5 eV for barium titanate, although no
identification of the shallow impurity is allowed in the model. This result reproduces the
experimental data of Rytz et al. 28

We also explored the origin of self-starting temporal oscillation in self-pumped
photorefractive mirrors. We attribute the origin of oscillation to the induced photovoltaic field
inside the barium titanate crystal. Typical measured values of the photovoltaic field are of the order
of 100 V/cm. Using the charge transport and Maxwell’s equations, we solved for the temporal
response of the space charge field as a functios of the input laser intensity. The photovoltaic effect
is included in the rate equations as the product of the electron and deep-level recombination center
densities. The results indicated that the backscattered phase conjugate signal oscillates as a function
of ime. The oscillation period decreases as the laser intensity is increased, in agreement with recent
experiments.29.30

The details of the work are given in Appendices E and F.




2.5 RESONANTLY ENHANCED SELF-PUMPED PHASE CONJUGATION

An analysis of the mechanism that produces self-pumped phase conjugation in resonant
materials was made using the coupled density matrix and Maxwell’s equations. The results of our
analysis identified the start-up conditions for the formation and coherent amplification of scattered
noise. The starting mechanism is the production of resonance fluorescence, which is coherent with
the input radiation field. The build up of the fluorescence or noise field is achieved through the
formation of a traveling wave grating produced by the interference between the fluorescence and input
fields, and followed by the coherent scattering of the pump field from the traveling wave grating. The
generation of the phase conjugate field can be achieved in two distinct manner. The first one involves
the stimulated backscattering of the input field from the traveling wave grating, and this mechanism
does not require the presence of an optical cavity. The second scheme uses a linear optical cavity to
take advantage of the forward going energy transfer process. The purpose of the optical cavity is to
store the fluorescence radiation in a standing wave pattern. Coherent scattering of one of the standing
wave component from the traveling wave grating produces a phase conjugate field. The latter is just
the standard degenerate four-wave mixing configuration.

The solution of the density matrix equations provides the macroscopic polarization density,
which is used in the wave equation to obtain a self-consistent, new radiation field. The density matrix
equations are solved in two steps. First, we found the exact solution for the input field alone. Then
these solutions are used to obtain the polarization density and gain condition in the presence of noise
fields. We found that the coherent amplification of the noise field can only occur provided that the
intensity of the input field is large compared with the medium saturation intensity. If the input field is
tuned to resonance, the gain profile of the noise as a function of the difference frequency between the
input field and noise has two symmetrical sidelobes, whose separation is equal to the Rabi flopping
frequency. If the input field is detuned from resonance, the gain profile is asymmetrical such that
amplification of the noise only occurs for either frequency upshift or downshift, but not both. The
physical explanation of this result lies in the dynamical behavior of atomic states induced by strong

radiation field. That is, the input field produces a dressed state of the system of atoms and radiation
field, and gain occurs from a near degenerate four-wave mixing process taking place among each
component of the dressed atom. Hence amplification of noise can occur provided that the input field is
above saturation. The gain profile determines the frequency shift acquired by the phase conjugate
field.

In order to verify the physical mechanism responsible for the production of phase conjugate
fields, we demonstrated the first self-pumped phase conjugate mirror in cesium vapor at 0.852
micron. We used a linear cavity configuration which consists of a cesium cell enclosed between two




curved high reflecting mirrors. The incoming CW laser beam was directed into the cesium cell at an
angle on the order of half a degree, leading to a large overlap between the input beam and resonator
modes. A measured but un-optimized reflectivity of approximately 0.1% and a threshold intensity of
35 W/cm?2 were observed. This elegant experiment confirmed the key mechanism in resonantly
enhanced self-pumped phase conjugation. That is, energy transfer between the input beam and the
induced resonance fluorescence provides a means of setting up the gratings from which coherent
scattering of the radiation fields can take place. It just needs one single input aberrated beam to
achieve such a nonlinear optical process.

Furthermore, we have extended our calculation beyond the two-level model in order to study the
generation of self-pumped phase conjugate fields in thodamine 6G. Experimental studies by Ivakin et
al3! and Lam et al 32 indicated the presence of phase conjugate fields when the organic dye was
illuminated by an intense laser pulse. The experimental studies was performed with a mode locked
10-ns pulse emitted from a double YAG laser system, and a focused intensity at the dye cell of
approximately 1 MW/cm2. In order to understand the experimental data, we modelled the organic dye
in terms of a 3-level system. Following the procedure stated above for the 2-level system, we
calculated the nonlinear polarization density, and found that the gain profile of the amplified signal is
consistent with the wide bandwidth (300 A) obtained from the experiments.

The results of this work open up the distinct practical application of self-pumped phase
conjugation using semiconductor lasers. A scenario will be the implementation of satellite-to-satellite
secure communication links using high power semiconductor lasers. This unique phase conjugate
mirror can be modulated at gigahertz rate, has a low threshold intensity (tens of W/cm?2) for start-up
operation, and possesses a negligible frequency shift (within the laser linewidth).

The details of the analysis and experiments are compiled in Appendices G, H, 1and J.

2.6 OPTICAL NONLINEARITIES IN HgTe/CdTe SUPERLATTICES AND THEIR
APPLICATIONS TO 10.6 um SENSOR PROTECTION

An analysis of the mechanism responsible for optical nonlinearities in HgTe/CdTe
superlattices was carried out. Using the heat equation, we calculated the change in the electron
temperature and the associated change in the dielectric constant due to the action of radiation fields
in the nearly degenerate four-wave mixing geometry. The results indicate that the third order optical
nonlir :arity is inversely proportional to the radiation frequency to the second power, effective
mass and electronic specific heat. The nearly degenerate four-wave mixing spectral linewidth is
determined by the larger of the electron thermalization or diffusion rate. Exploiting the small
effective mass (m* <0.001 mo) of HgTe/CdTe, one finds that the third order susceptibilities are
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approximately of the order of 103 esu at 10.6 um. This large value makes it feasible to observe
optical nonlinearities using low power lasers. An experiment was performed at Hughes (funded by
Hughes IRD) using in-house grown samples of HgTe/CdTe superlattices (tailored for CO; laser).
The experiments involved the detection of phase conjugate signal at 10.6 um in the degenerate
four-wave mixing geometry. The estimated value of the susceptibilities is of the order of 10 esu
for sample of HgTe/CdTe superlattices, in reasonable agreement with theory. The speed of
response of these materials has not been measured. However they are expected to be fast
(subnanosecond time scale) due to the electronic relaxation process.

HgTe/CdTe superlattices show a linear absorption spectral profile that is nearly flat extending
from 9.0 to 12.0 um. This feature could provide a significant advantage if they can be used in 2
sensor protection scenario. We proposed the use of laser beam bending in HgTe/CdTe superlattices
as a possible scheme for protecting FLIR against laser threats. The concept of laser beam bending
relies on the formation of a light induced prism in a nonlinear optical material. The formation of a
prism is possible provided that the laser beam has an asymmetric intensity distribution. The
proposed device is assumed to be located at the focal point of the optical train in the sensor.
Although the input optical power at the aperture could be small, the intrinsic magnification
(approximately 106) of the sensor will provide a high intensity beam at the focal spot. We used the
value of the third order optical susceptibilities in superlattices to ca'culate the operating
characteristics of such a device. We found that the sensor protection device has the following
features. It has a dynamic range of 104, a threshold intensity at the input aperture plane of few tens
of milliwatts per centimeter squared, a wide field of view, an operating bandwidth extending from
9 to 12 um, and a response time of less than one nanosecond. However the main drawback of the
HgTe/CdTe superlattice material is the large absorption coefficient which puts a limit on the
allowed transmitted intensity of the image to the detector.

2.7 FOUR-WAVE MIXING SPECTROSCOPY OF GaAs/AlGaAs QUANTUM
WELLS

We explored the role of longitudinal optic phonon coupling to a Wannier exciton in
GaAs/AlGaAs quantum wells. In spite of the magnitude of the LO phonon interaction energy of
34 meV, current theoretical models do not include its effect in the dynamics of the excitonic
transitions, except for a phenomenological decay rate in the exciton population. We used the
Davydov Hamiltonian to study the four-wave mixing spectra in the weak optical signal regime. A
perturbation calculation to third order in the radiation field was carried out from the coupled
exciton-phonon-field equations. The results of our preliminary studies point to the following
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conclusions. If only one phonon mode is considered, then the nearly degenerate four-wave mixing
spectrum shows a symmetric profile as a function of the frequency difference between the pump
and the probe. However if a multiple phonon structure is inserted in the calculation, the four-wave
mixing spectra exhibits an asymmetric profile similar to that found in the Fano effect of atomic
spectra. A simple physical explanation can be given. In the presence of multiple phonon modes,
there exists a configurational mixing leading to a competition between different phonon modes. In
a nutshell, the competition leads to an interference effect that cancels all contributions in certain
portions of the spectra profile.

Furthermore, we were able to solve analytically the strong pump/weak probe regime. The
results indicate that intrinsic optical bistability is present. The phase conjugate reflectivity should
exhibit cavity-free optical bistability for a critical value of the pump intensity. Current four-wave
mixing experiments are performed in the regimes where all input radiation fields are either below or
above saturation. However, there exists no observation of the intrinsic bistable behavior.

The physics and analytical solutions have been communicated to the experimental group of
Prof. Duncan Steel at the University of Michigan.
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SECTION ¢
INVENTION DISCLOSURE: QUANTUM DOT LASERS

During the course of our theoretical studies, an invention disclosure on the operating
characteristics and fabrication technique of quantum dot lasers was submitted. A detailed
description is attached to this section. Hughes Aircraft Company decided not to file for patent
protection.
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9. SUMMARY OF THE INVENTION SHEET 2 OF _‘_z

A GIVE A BRIEF DESCRIPTION OF YOUR INVENTION, PARTICULARLY POINTING OUT WHAT 1S BELIEVED
TO BE NOVEL (THE "HEART' OF WHAT 1S5S NEW)

A set ot gquantum dots, fabricated by means of focused ion beam
induced interdiffusion technigue, is the gain medium inside an
optical cavity. Application of external current sources through
a pn junction system leads to oscillation ana coherent emission
of radiation. The materials that make up the quantum dots are
from III-V, II-VI and quaternary compound semiconductors.

B. L XPLAIN PURPOSE AND ADVANTAGES OF YOUR INVENTION (WHAT WILL THE INVENTION DO BETTER
THAN DONE PREVIOUSLY?)

The advantages of this laser over the current semiconductor bulk
and quantum well lasers are;

l. ultralow tnreshold current density for oscillation, typically
few amperes per centimeter square.

2. symmetric gain profile due to the 0-Dim dnesity of states.

3. the threshold current density is insensitive to the operating
temperature ( due to the 0-Dim density of states ).

4. Artificially controlled frequency of oscillation of the emitted
radiation.

The advantage of this quantum dot laser over the current quantum

dot laser concepts is the use of a novel fabrication technique, that l
is, focused ion beam induced interdiffusion. This technique does not
require the use of reactive ion etching, followed by epitaxial re-

growth. Focused ion beam induced interdiffusion was pioneered by '

Y. Hirayama, Y. Suzuki, S. Tarucha and H. Okamoto, Japan. J. Appl.
Phys. 24, L516 (1985)
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8. SUMMARY OF THE INVENTION (Continued) SHEET 3OF | 7

C STATE THE IMPACT OF YOUR INVENTION ON COMPANY BUSINESS OR PRODUCT LINES OR ON POTENTIAL
COMMERCIAL APPLICATIONS OR USE BY OTHERS PLEASE FEEL FREE TO INCLUDE ANY OTHER INFORMA.
TION WHICH YOU THINK MAY HELP THE INVENTION EVALUATION COMMITTEE DECIDE WHETHER A
PATENT APPLICATION SHOULD BE FILED.

I'ode lasers are components in current and future communication
systems. There exists a need to lower the energy consumption, in
terms of the threshold current aensity required to achieve oscilla-
tion inside the cavity. The quantum dot lasers promises to have
threshold density which is four orders of magnitude below that of
bulk diode lasers, and two orders of magnitude below that of quantum
well lasers. Furthermore, guantum dot lasers offer the flexibility
of a tunable bandgap, leading to the de51gn of lasers oscillating

at different frequencies. The tunability is insured by the quantum
confinement properties of such lasers.

D IDENTIFY THE PRIOR ART KNOWN TO YOU WHICH IS IMPROVED UPON OR DISPLACED BY YOUR INVEN.
TION. AND STATE IN DETAIL, IF KNOWN, THE DISADVANTAGES OF THE CLOSEST PRIOR ART.

The concept of quantum dot lasers have been the subject of dis-
cussion in the last coupled of years, with no practical imple-
mentation of a real quantum dot system. Listed below are the publi-
cations related to this device,

l. Y. Arakawa and H. Sasaki, Appl. Phys. Lett. 40, 939 (1982).
theoretical analysis of quantum confined lasers,i.e. bulk, well,
wire and dot. First analysis of tenmperature dependence.

2. M. Asada, Y. Miyamoto and Y. Suematsu, IEEE J. Quantum Electron.
QE-22, 1915 (1986). A theoretical discussion of gain and tnres-
hold properties of guantum dot lasers.

3. Y. Miyamoto, M. Cao, Y. Shingai, K. Furuya, Y. Suetmatsu, K.G.
Ravikumar and S. Arai, Japan. J. Appl. Phys. 26, L225 (1987)
First attempt to make a quantum dot laser.
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10. DETAILED DESCRIPTION SHEET 4 OF

DESCRIBE YOUR INVENTION IN DETAIL, USING NECESSARY ADDITIONAL SHEETS.
A. BE SURE THAT EACH SHEET 1S DATED AND SIGNED BY EACH INVENTOR AND TWO WITNESSES.
(HAC FORM 236 B CS SHOULD BE USED, IF PRACTICAL)

8. ATTACH PRINTS OF DRAWINGS OR SKETCHES HELPFUL IN UNDERSTANDING HOW YOUR INVENTION WORKS.

C. IF YOUR INVENTION HAS BEEN TESTED BRIEFLY SUMMARIZE THE TEST RESULTS WHICH CONFIRM THE
FUNCTIONS AND ADVANTAGES LISTED IN (98) ABOVE.

PRINCIPLES UF QUANTUM DOTS

Quantum dots or quantum confined semiconductors in 0-Dim arise when
the dimension of the box is less than the deBroglie wavelength of the
charge carriers. For typical semiconductor materials, the deBroglie
wavelengtn is of the order of few hundrea angstroms. Under the con-
dition of simultaneous confinement of the charge carriers along three
dimensions, the motion of the charge carriers is determined by the
law of gquantum mechanics,i.e. particle confined to a box.

The properties of gquantum dots are,

l. The density of states is a sum of Dirac delta functions.

2. The energy levels of the electron or holes are determined by
quantization in a box.

3. The transition moment and the selection rules for electric dipole
allowed transtion are determined by the matrix elements of the

electric dipole moment, and under certain design, they show enhancea

values over that of the bulk materials.

Trese three properties are crucial to the operation of the guantum
dot lasers.

OPERATING CHARACTERISTICS OF THE QUANTUM DOT LASERS IM THE PARTICLE
QUANTIZATION REGIME

By particle quantization regime, we imply that the kinetic energy

of the charge carrier is large compared to the Coulomb binding energy.
In this case, the allowed energy levels of the particle ( electron and
hole ) are calculated by solving the Schroedinger equation in all
three dimensions. Figqure 1 indicates the allowed energy levels in both
the conduction and valence bands of a direct transition.
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INVENTION DISCLOSURE

4

SHEET 20F

A

The calculated selection rules for electric aipole allowea transi-
tion is n tc n, where n is a quantum number. lhe energy separation
1s given by

- 2 2
E . = Eogo + BT (n2amtsf?)
nmx Gl e 2 uL*
where is the efrective mass or the electron-holie system. n, m and
1 are the guantum numbers aiong each or the direction in space. ‘this
formuia assumes that the dot is a cupe c¢f size L.

An exact calcuiation nas been performea to evatuate the operating
characteristics ot a laser composed of guantum boxes. This calcula-
tion uses the density matrix equation,and takes into account the
bana tailing effects and the Fermi-Dirac distribution. Figure 2
describes the model for the start ot the analysis.

Figure 2. the model
used ror the anaiysis

__J:. J\1\f’ ot the guantum dot

laser
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INVENTION DISCLOSURE

{7

SHEETRE. OF ____

Figure 3 shows tne resuits of tne calculation of the gain vs the
injected carrier ( electron ) density for the case of GalnAsP-GaAs
dots. The physical parameters used for this calculation are

GE N En

1. Quantum dots are separated by 1000 angstroms. The effective
ratio of thesurface areazof the guantum dot to the area of the
separation is given by L“/(1000)“.

2. The spontaneous emission time was set at 1 nsec.
3. The collision-aominated ( band tailing ) time is .l psec
4. The net cavity loss ( including tne facets ) 1s set at 250 cm™i.

Figure s shows a family of curve, each lapeled by two numbers. ‘The
first one is the size ot the cube, ana the secona number is the
threshold_current density required for oscillation if the net loss
is 250 cm ~. opne notes that the thresnold current density is much
lower than that of thebulk materials ( typically of tine oraer of
few hundreds kiloamperes per centimeter square ). The calculation
was performed for one planar set ot quantum dots.

Figure 4 snhows the result of the calcualtion for the gain profile
as a function of photon energy. As one can notice, the protfile is
symmetric about the resonance. The symmetry arises from the Dirac
delta function tor the aensity of states of the electrons and holes.

And last, an exact calculation of the threshold current density was
performed and it shows that the thresnola current density 1s inde-
pendent of the operating temperature. This resuit is uniike the case
of bulk lasers, where the threshold current aensity is exponentially
depenaent on the temperature. This implies tnat temperature stapility
1s assured if a quantum dot laser can be fabricated.
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Figure 4. Gain profile as a tunction or the photon energy
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INVENTION DISCLOSURE

SNEET_I_QF _Ll

PRACTICAL IMPLEMENTATION OF THE QUANTUM DOT LASER

This section proposes a way ot fabricating the quantum dot laser.

One of the steps involves the use of the techngiue of focused ion
beam induced interdiffusion. Besides tne reference to Hirayama et al,
two important works performed by R.L. Kubena of HRL and P. Petroff
of UCSB ( supported by the Microelectronics Program of HAC ) deserve
mention. They are, '

1. Focused ion beam implantation of GaAs-GaAlAs guantum well struc-
tures, by P.M. Petroff, X. Qian, P. Holtz, R.J. Simes, J.H.
English, J. Merz and R.L. Kubena ( to be published in the Pro-
ceedings of the Materials Research Society, 1988)

2. Enhanced interdiffusion in deep guantum wells by focused 1ion
beam implantation, by X. Qian, P.M. Petroff and R.L. Kubena
( to be published in the Applied Physics Letters, 1988 )

The steps involved in the fabrication of the quantum dot laser can
be described inthe following manner.

STEP 1. Grow a singlie quantum well layer using molecular beam
epitaxy on an n-type GaAs substrate as shown in Figure 5.

STEP 2. Use the technique of focused ion beam induced interdiffusion
to generate a planar set of quantum dots. In concise ais-
cussion, the technique involves the following processing,
as shown in Figure 6. The etfects of the Ga focused ion beam
is to induce defects on the top AlGaAs layer -and the GaAs
quantum well layer, provided that the energy of the focused
ion beam is controlied. Next the diffusion of Al and Ga are
quite distinct. Since the Al ions tend to get trapped by the
defects, subsequent annealing produces a aiffusion of the
Al-trapped defects into the GaAs quantum well region, as showr
in Figure 6b ( This description is known from the work per-
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Figure 5. The MBE grown sample for the processing using focused

ion beam
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Figure 6a. Application of focused ion beam to a small spot of

the MBE grown sample.
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Figure 6b. The physical process of Ga induced acamage ( detect
formation ), followed by trapping of A. ions, and
aiffusion from the AiGaAs layer to the GaAs layer
upon annealing at high temperacture.
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ormed by R. Kubena at HRL. Stepping the focused ion beam along the
horizontal direction allows one to form a quantum line.
sample 90 degree, and repeating the process of implanting the Ga ions,
followed by anneaiing, one obtains a set of planar quantum aots, as

shown:- in Figure 6c and 6d.

STEP 3. Growth a p-type GaAs substrate on top of the focused ion
beam processed sample. One then obtains a pn junction which
is the crucial element for the quantum dot laser. Application
of metal coating and wire for the top and bottom of the pn
junction allows the final configuration for the gquantum dot

laser, as shown in Figure 7.
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Figure 7. 'the quantum dot laser
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SECTION §

TECHNOLOGY TRANSFER RESULTING FROM WORK PERFORMED
UNDER U.S. ARMY RESEARCH OFFICE CONTRACT
DAAG29-81-C-0008

The objective of the contract was concerned with the understanding of the optical properties
of Rydberg atoms using the technique of degenerate four-wave mixing. Some of the results of our
studies were used in the understanding of the operating characteristics of an atmospheric
compensation demonstration experiment over a 2 kin range.

The accomplishment was the understanding of the spectral response of the degenerate four-
wave mixing signal in an alkali vapor. In the low intensity regime, the spectral response is given
by the spontaneous emission decay rate of the excited state. The spectrum broadens up
significantly in the high intensity regime due to Rabi flopping. This work, experimental and
theoretical, was supported by the Army Research Office during the period 1981-1984. This result
was used in the interpretation of an atmospheric compensation demonstration experiment using
pulsed lasers, supported by AFWAL. In a nut shell, the experiment involves the optical
illumination of a retro-reflective mirror located 2 kms away from the phase conjugate mirror. The
phase conjugate mirror is a sodium cell operating in the nearly degenerate four-wave mixing mode.
The optical system was able to record a grating generated by two distinct laser pulses. Hence a
phase conjugate signal was generated by means of degenerate four-wave mixing, leading to the
propagation of the signal back to the retro-reflective mirror, despite the existing atmospheric
aberration. Our understanding of the spectral response of the sodium phase conjugate mirror aided
in the interpretation of the results of the experiments.
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Theory of millimeter wave nonlinearities in semiconductor superlattices
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A study of the impact of semiconductor superlattices on millimeter wave nonlinearities is

(S A)

reported. y

as large as 10 ~* esu can be achieved by using 250 GHz radiation. Self-induced

transparency is also predicted. and its competition with the third-harmonic generation process

is quantified.

Current research in nonlinear optics has been concen-
trated in the wavelength regimes that extend from the in-
frared to the UV. However, little effort has been devoted to
the understanding of nonlinear materials in the millimeter
wave regime in spite of the fact that coherent sources are
currently available. Recently, several experiments'-® have
been performed that probe the material requirements and
their suitability for use in the far-infrared regime. For exam-
ple, the demonstration of difference frequency generation in
Si/Ge superlattices and the measurement of the nonlinear
index of refraction in graphite suspensions indicated that
nonlinearities in the millimeter range could be quite large, in
comparison to those found in the optical regime. Due to the
importance of millimeter wave technology in future infor-
mation processing applications, we report on a detailed
study of millimeter wave nonlinearities in semiconductor su-
perlattices.

The perturbative analysis of the nonlinear optical re-
sponse function of conduction electrons in superlattices was
first reported by Tsu and Esaki.* Their work indicated that
nonlinear optical phenomena occurring in superlattices
were stronger than those found in bulk semiconductors.
More detailed analyses by Bloss and Friedman® and by
Chang® arrived at the same results.

The starting point in our analysis is the coupled charge
transport and crystal momentum equations for the motion
of the Bloch carriers directed along the direction of the su-
perlattice growth (labeled by the subscript z).

dv, v, df1 U

CRIRCIPLY JLECLA ) 1
dt + 7 dt(ﬁ dk,) h
dk

fi— =qE(1), (2)
dt

where v, is the carrier velocity, 7 is the carrier momentum
relaxation time’ along 2, k, is the crystal momentum, E(¢) is
the radiation field with polarization state oriented along z, ¢
is the charge of the carrier, and U is the superlattice band
structure.

The validity® of the semiclassical approximation rests
on the following assumptions. First, the wavelength of the
radiation field must be larger than the lattice constant. Sec-
ond, the energy of the radiation field must be smaller than
the band gap. Third, thc work done Ly the appiied field in a
distance equal to the lattice constant must be less than
Ul.,/U, where U,,, and U, are the band gap and Fermi

B3P
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energies, respectively. Furthermore, at low dopant density,
the electron-electron interaction is assumed to be negligible.’

In the one-band or Kronig-Penney model, U takes a
simple form

U= Uy(1 — cos k,d), (3)

where d is the superlattice period. Equations (1), (2), and
(3) can be combined together to yield the following expres-
sion:

dv v _gEW)

4
dt r m, (4a)
where the superlattice effective mass m, is given by
1 Upd? qd J‘ ,
=——cosI— | E(t')dt". (4b
m, 7 # ( )

Equations (4) describe the physical origin of the nonlinear-
ity in semiconductor superlattices. That is, the nonlineanties
arise from the artificially induced nonparabolicity, through
the superlattice effective mass. In the absence of E(r,1), m,
becomes the superlattice mass, m,, at the high symmetry
point. The nonlinear current density is given by

J=nqu,, (5)

where 7 is the carrier concentration. Nonlinearities also
arise for the charge carriers moving in the plane of the super-
lattices. The origin of the nonlinearity has been studied ex-
tensively, and is attributed to the bulk band nonparabolicity
in doped semiconductors.'®

Several important conclusions can be deduced from the
variety of solutions that can be obtained from Eqs. (4) and
(5). First, the third-order susceptibilities can be obtained
from the Taylor series expansion of the superlattice effective
mass. The expansion is valid provided that the superlattice
Rabi flopping frequency is less than the radiation frequency.
For radiation oscillating at 250 GHz and a superlattice peri-
od of 150 A, the maximum field strength is 690 V/cm in
order that the Taylor series expansion is valid. A direct cal-
culation gives the following result for the third-order suscep-
tibilities:

=i ng'd? 1 —,

8m¥ ’(1/1 - iw)

with m, being the superlattice effective mass. Equation (6)
indicates that the periodicity 4 and the superlattice mass m,
determine the magnitude of the nonlinear response function,
for given values of w, in agreement with previous studies.

(6)
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The interesting conclusion to be drawn is its frequency de-
pendence, which indicates that the use of coherent milli-
meter radiation will lead to a substantial increase of the
third-order susceptibilities in comparison to those obtained
in the optical regimes. In order to illustrate the importance
of Eq. (6) for millimeter wave operation. Table I shows typi-
cal values of y'" for several semiconductor superlattices.
The assumed frequency of oscillation is 250 GHz, and the
lattice periodicity is 100 A. The relatively large value of the
third-order susceptibility indicates that semiconductor su-
perlattices, when properly configured can have potential ap-
plications in the millimeter wave regime.

Second, the nonlinear polarization density induced by a
radiation field E(r,t) = E, cos(kx — wt + &) can be ob-
tained from the exact solution of Egs. (4). and it is given by

P= — (w,/w) [Jy(R) + J,(R)]
xA{wr/{1 + (wr) 1E, sin(kx — ot + &)
+ (wr)/[1 + (wT) )E, coskx —wt + &) }. (T)

where w, = 4mng’/m, is the plasma frequency, and
R =q¢dE, /fw is the superlattice Rabi flopping frequency
normalized to the frequency of the applied radiation field. J,
and J, are the zeroth and second orders of the Bessel func-
tions. respectively. The expression for the polarization den-
sity has a simple physical interpretation. The first factor,
(w,/w)*, on the right-hand side describes the degree of lin-
ear opacity of the medium. That is, radiation will propagate
inside the semiconductor superlattices provided that w, < w,
since the linear dielectric constant of the superlattice is equal
to 1 — (w,/w)?. The second factor, J, (R) + J,(R), de-
scribes the effect of the nonlinear motion of the charge carri-
ers in the presence of radiation fields. This term approaches
unity for weak radiation fields, and modifies the dielectric
constant for high radiation fields. The third factor has two
components. The first component, proportional to the sine
function of the radiation phase, is responsible for the absorp-
tion coefficient; while the second one, proportional to the
cosine function of the radiation phase, accounts for the index
of refraction of the material.

Figure 1 depicts the functional dependence of the factor,
J, + 75, of Eq. (7) versus R. It decreases monotonically un-
til it reaches O for R = 3.8. This behavior implies that for a
given set of material parameters, there exists a specific value
of E, such that the radiation field travels through the super-

TABLE L. Operation at 250 GHzand 7~ 10~ ''s.

Superlattices

d=100A mJ/m y'"(esu)
GaAs-AlGaAs o 1.88%10°°
InAs-GaSb 0.035" 5.37x10 °
HgTe-CdTe o.orn 1.88x10 '

*N. F. Johnson. H. Ehrenreich, K. C. Hass, and T. C. McGill, Phys. Rev.
Lett. 59, 2352 (1987).

"G. Bastard, Phys. Rev. B 28, 7584 (1982).

G. Bastard, in NATO Advanced Study Institute on Molecular Beam Epi-
taxy in Heterostructures, edited by L. L. Chang and K. Ploog ( Martenus-
Nijhoff, Durdrecht. 1984), p. 381
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FIG. 1. Plotof J,(R) + J,(R) as a function of R. the normalized superiat-

tice Rabi frequency. At R = 3.8, induced transparency of the radiation field
occurs.

lattice material as if it were a vacuum. At this critical point,
the radiation field does not experience energy absorption nor
optical phase dispersion. This effect has been discussed pre-
viously by Ignatov and Romanov.'' Their results differ from
ours by the term J, (R). As an example, given a radiation
field that oscillates at 250 GHz and incident upon a se micon-
ductor superlattice of periodicity d = 100 A, the condition
for induced transparency implies that the critical amplitude
of the radiation field is 3.9 kV/cm. This phenomenon is anal-
ogous to self-induced transparency that occurs in resonant
optical materials. It is interesting to note that since
Jo (R) + J, (R) becomes negative for some values of £,
*‘apparent” amplification of the amplitude of the input radi-
ation field will occur. This result has a simple physical inter-
pretation, without violating the law of conservation of ener-
gy, when one considers the interaction between a strong
radiation field E, oscillating at w, and a weak radiation field
E, oscillating at frequency w, . Their nonlinear interaction
mediated by the superlattice produces a traveling-wave exci-
tation oscillating at frequency @, — w,. The scattering of the
strong radiation from the traveling-wave excitation couples
back to the weak radiation field E,. The coupling coefficient
from such a coherent scattering process is calculated using
Eqgs. (1) and (2), and the spatial evolution of the complex
amplitude, 4, of E, is governed by the following expression:

a4 _
dx

2 .
W,T 1 +iw,1

2n,¢c 1+ (o7)

R 2 o

x [JO(R) + 22 +J;(R)]]. (8)

2 \w, .

Equation (8) has a very transparent interpretation. For

small values of R, the first term inside the bracket is the

linear absorption coefficient, and the second term is the trav-

eling grating contribution to the absorption coefficient. For

values of R exceeding 3.8, the amplitude of the weak radi-

ation field is amplified at the expense of the strong radiation

field. That is, there is a net energy transfer from the strong to
the weak radiation field."?

Third, a fundamental limitation to the observation of

the self-induced transparency effect in semiconductor super-

Lam, Guenther, and Skatrud 774
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FIG. 2. Plots of the third harmonic and fundamental signals as a function of
R. For properly configured superiattices, the third-harmonic generation de-
pletes the fundamental signal to avoid induced transparency.

lattices is the generation of third-harmonic signal. A calcula-
tion of the third-harmonic signal, in the undepleted pump
approximation, gives

I.,(L) _ ( wpL )2 [V:(R) + J(R) ] (sinx)z 9
1,000 \2en,,)] (1/7)*+Bw)* \ x /'

where L is the transverse dimension (in the plane of the
superlattice) of the sample, n,,, is the linear index of refrac-
tion at the third-harmonic frequency, J, is the fourth-order
Bessel function, and x = (k,, — k)L /2 is the phase mis-
match. The term sin x/x is just the window function that
arises from the phase mismatch. Figure 2 plots the ratio of
the third-harmonic intensity to the input intensity as a func-
tion of R, which is shown as a solid line. In the same figure
and in dotted lines, we plot the slowly varying component of
the polarization density. It is assumed that the window func-
tion does not alter the third-harmonic signal. Figure 2 shows
that the third-harmonic generation takes energy away from
the incident beam; hence it leads to a suppression of the self-
induced transparency phenomenon. It is important to calcu-
late the efficiency of the third-harmonic generation process
for typical semiconductor superlattices such as GaAs-
AlGaAs. Reasonable phase matching is achieved provided
that AKL < 2. Assuming an average index of refraction of

775 Appl. Phys. Lett., Vol. 56, No. 8, 19 February 1990

3.5 at 250 and 750 GHz, one finds that L = 0.04 mm, with
the third-harmonic generation efficiency of 0.1%.

And last, nonlinear processes will take place in the su-
perlattice provided that the radiation field can be propagated
inside the medium; i.e., is the medium underdense and weak-
ly absorbing at the frequency of oscillation? A calculation of
the linear dielectric constant and the linear absorption coef-
ficient indicates that for charge carrier density of 10'®cm ~*
and oscillation frequency of 250 GHz, the superlattice is un-
derdense and has a linear absorption coefficient of ~ 3/mm
for GaAs-based materials.

In conclusion, we have carried out a study of the milli-
meter wave nonlinearities in semiconductor superlattices,
and found that these materials possess large third-order sus-
ceptibilities, can be modified so that induced transparency
will be present, and is a possible source for third-harmonic
generation. However, the practical implementation of a suit-
able large size semiconductor superlattice still remains an
obstacle for the demonstration of the predictions proposed
in this letter.

This work is supported by the Army Research Office.
The authors extend their sincere thanks to the referee for the
constructive criticisms that led to a better exposition of the
results.
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Theory of enhanced optical nonlinearities in quantum dots
Juan F. Lam
Hughes Research Laboratories
Malibu, California 90263
ABSTRACT
A discussion of the exciton regime of quantum dots is presented. We predict the
possibility of enhancement of the optical nonlinearities due to exciton quantization

Applications to the dynamic Stark effect and two-wave mixing processes are described.

1. INTRODUCTION

The initial experimental and theoretical studies of quantization effects in linear

optical absorption of CuCl microcrystals by Ekimov and Onushchenko! and by Efros and Efros?
demonstrated the phenomenon of blue shift due to size quantization.

: t The first nonlinear
optical experiment was performed by Jain and Lind® who showed the existence of phase
conjugate degenerate four-wave mixing in CdS,Se,; ., doped glasses. These experiments were

confronted with the nonuniformity of the crystallite sizes, which led to a broadening of
the observed spectra.

In the last year theoretical works by Schmitt-Rink, Miller and Chemla* and by Hanamura®
have confirmed the results of Efros and Efros, and explored the possibility of size-induced
enhancement of the nonlinear optical response of quantum dots. Furthermore, Banyai and

Koch® showed the existence of radiation-induced blue shift due to Coulomb screening.

The objective of this work is to provide additional insights into the role of quantum

dots in non}inear optics. In the following, the preliminary results of quantum confinement
on 1) Dynamical Stark Effect and 2) Two-wave mixing processes are presented.

r i S t In addition a
simple physical interpretation of optical enhancement is provided as well as a discussion

on the limitation on the density of quantum dots that must be achieved in order for the
quantum dots to be novel optical materials.

2. PHYSICAL MODEL

dimension L. The band structure of the semiconductor material is assumed to consist of two
isotropic bands. The optical transition is assumed to occur at the [-point. As described
by Efros and Efros, there are three distinct regimes which depend on the relative order of
magnitudes of L, the Bohr radius of the electron, a,, and the Bobr radius of the hole, a,

We consider the interaction of external radiation fields with a set of quantum boxes of

The first regime corresponds to the case where L < a,, a,.
quantization of the individual charge carriers.

where a, < L < a,. This is the regime where only the electron experiences free particle
size quantization. And the last regime corresponds to the case where L > a,, a,. This
last case corresponds to the formation of an exciton and the size quantization of the

center of mass of the exciton. We shall restrict our work to the last case. As will be
demonstrated, this last regime gives rise to strong enhancement of the nonlinear optical
processes in quantum boxes, in agreement with the studies of Hanamura.

This is the regime of size
The second regime corresponds to the case

We shall restrict the discussion to the low excitation regime.

This regime entails the
following physical simplifications.

First, it does not take into account the role of band
non-parabolicity. And second, quantum confinement effects due to plasma generation are
unimportant. In the high excitation regime, non-parabolicity effects will play an
important role in narrow gap semiconductors.

3. THE DYNAMIC STARK EFFECT

This section describes the phenomenon of the dynamic Stark effect in quantum dots.
Using the appropiate Wannier wavefunctions for the ground and first excited states of a
quantum confined structure, it is shown that the derivation of the Stark splitting can be
accomplished in the framework of the dressed-atom picture a la Cohen-Tannoudji and
Reynaud’. We would like to point out that the derivation is valid for all values of the
laser detuning, contrary to the case of multiple quantum wells where on-resonant excitation
lead to the formation of an electron-hole plasma due to phonon-induced ionization. Hence

it invalidates the dressed-exciton picture for on-rescnance excitation of multiple quantum
wells, even in the lowest optical transition.
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In the rotating frame associated with the photon field, the interaction of a radiation
field with the first two quantum states of a dot is described by

{ H, « hw_ a*a - u*E(R) } 1¥> = Ul¥> (1)

where H, is the electronic Hamiltonian of the N-electron system, w_ is the frequency of the
laser field, a and a® are the annihilation and creation operator for the laser field, -usg
I¥> is given
the Wannijier

is tlhe electric dipole interaction with the radiation field. The state vector

in terms of the superposition of the ground and excited state wavefunctions in
representation,

I¥> = cg Ig>in> + Fpoy ¢4 lexedln-1> (2)

where ig> describes the ground state of the N-electron system, lexc)> describes the first
excited state with one electron in the conduction band and one hole in the valence band,
In> describe the n-photon field.\ F,,, is the envelope amplitude describing dot
quantization. Hence the problem is identical to the case encountered in atomic systems.
Similar approach was taken by Mysyrowicz et al to understand the results in GaAs-AlGaAs

multiple quantum wells. However, in the latter the dressed-exciton picture only works
provided that hw, < Eg,,.

Invoking the effective mass approximation, equation (1) leads to the following
eigenvalue problem

nhw, - U —pecE [dr F,,, cq 0

= (3)
-pee*E [dr Fy,, Egpp*Epor+(n-1)hw -Uj | c, 0

important feature that distinguishes the problem of quantum dots from atomic systems and
quantum wells. The electric dipole coupling to the radiation field has a proportionality

constant [dr F,,,, which is just the size quantization condition. In the case where L >
a,,a,, one finds that

fdt‘ Fdot = constant x (L/Ro:citon)a/z

1 (4)

x sin?(n,7/2)sin?(n,7/2)sin?(n,7/2)

n, n, n

y z

where we have chosen quantization for the center of mass motion of the 1s exciton in a box
of length L. The energy Ey,, is the sum of the energy of a single particle of mass m," -
m,°® confined in a box of length L and the hydrogenic-like energy of the bulk exciton. The
quantum numbers n; (i=x,y,z) varies for all integer values. One can conclude from Eq.(4)
that strong enhancement of the electric dipole coupling to the radiation field can be
achieved for L/R,,.itoa i8S greater than one, and for n,=1=n,=n,.

The dressed energies are found from the determinant of Eq.(3) and they are

U, = a/2 + h0 (5)

where a=(2n—1)th+Eﬁ.g+Eb,, is the total energy of the system, 0 ={A%+I[dr F,,, p.,'Elz}”2
a

is the generalized i frequency, and A=w_ -(E;,, + Epo,)/h is the laser detuning from
rescnance.

The result of Eq.(5) is now transparent. In analogy to the atomic system, one has an
infinite set of doublets of separation h{l. The energy separation between two gdjacenb
doublets is hw,. This result points to the distant possibility of observing size
quantization in resonance fluorescence experiments in quantum dots, provided that
interference effects due to adjacent levels can be kept at a minimum. Furthermore, the
size quantization of the generalized Rabi frequency implies that the saturation intensity
is decreased by a factor { fdr F,,, }?

where we chose the ground state energy to be equal to zero. Equation (3) shows an '

|

4. TWO-WAVE MIXING

This section describes the processes of energy transfer associated with two-wave nDixing
processes. Hence, it is important to adopt a theoretical formalism that will provide the
third order polarization density. In view of the analogy of quantum dots w;ph atomic
systems, we shall introduce the quantum mechanical transport equation appropiate for .
discrete states. [
222 / SPIE Vol 943 Quantum Well and Superlattice Physics il (1988) .
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The evolution of a system of quantum dots under the combined action of two radiation

fields oscillating at frequency w_ and w +§ is described rigorously by the quantum analog
of the Liouville equation,

1hap/at = [Holp ] + [V:p ] * lhap/at 'r.l (6)

where p is the density operator.
the radiation field.
radiative relaxation.

V= -Be {E(w.) + E(w +8)} is the electric dipole coupling to
The last term in Eq.(6) describes the effects of radiative and non-
The interpretation of the elements of p in the basis states lg> and
Fyo. lexe> is as follows. The diagonal elements are just the probability of finding the N-
electron system either in the ground or first excited state. The off-diagonal elements are
the laser-induced optical coherences. We shall assume the physical condition in which the
probab111t¥ of state F,,, lexc> decays to state Ig> at the spontaneous emission rate
7{]der°, . While the off-diagonal elements experience dephasxng due to spontaneous
emission and phonon induced coupling, at a rate 7{jder°,} /2 + . The phonon-induced

dephasing rate I is assumed to be independent of k and

experiences no size quantization
effects.

In the low excitation regime, the solution of Eq.(8) that describes the

interaction of two radiation fields can be derived in a straightforward manner. The third
order polarization density is

P = constant N{fdr Fy,,}* L(A, 8)IE(w. )!? E(w_+5) 7)

result is the enhanced polarization density due to size quantization.

The energy transfer between two radiation fields is described by the Maxwell equations.

In the slowly varying envelope approximation, the spatial evolution of E(w_~0) is governed
by wave equation,

dE(w_+58) /dz =€A{Jdr F,,.}* L(8, 8)IE(w,)? E(w_+8) (8)

where €=1 for co-propagating fields and €=-1 for counter-propagating fields.
normal gain coefficient. Two interesting features can be deduced from Eq.(8).
two-wave mixing gain is enhanced by size quantization. And second
of the gain process depends on the sign of the real part of L(4, §).

A is just the
First the
the relative direction

An interesting result can be deduced for the case when A > optical dephasing rate. In
this case L(A, §) takes on a very simple expressxon

7{Iderol}
L@, &) = - (§/8) T (9)

17{fdrFy,,}? + 1812

which implies that the gain of E(w +8) is controlled by the magnitude of the phonon-induced
relaxation rate, and the directionality of the gain process is determined by the sign of
§/8. A similar process was predicted by Khitrova®? and for atomic system embedded in a
buffer gas. The experimental confirmation in sodium vapor was recently achieved by
Grandclement, Grynberg and Pinard!

5. SUMMARY

We presented some preliminary results concerning the role of size quantization on the
nonlinear optical responses of quantum dots. The theoretical formulation of this work was
restricted to the low excitation regime, where non-parabolicity and plasma effects can be
neglected. In the context of this approximation, we found that size enhancement will occur
for the following conditions : L > a4,3p- Hence, in this regime, bhe dynamic Stark

splitting, and the two-wave mixing gain are enhanced by {fdrF,,,}?, and {fdrF,,,}*
respectively.

I where N is the density of quantum dots, L(3, §) is the lineshape factor. An importasnt
li

For the case of 1s exciton, the enhancement factor takes the fcllowxég
simple form (L/Rg.civen)’’?.

Current theoretical studies are being performed in the transition regime between low
and high excitation, with the objective of understanding size quantization under coandition

of saturation. Calculations are also being directed toward the understanding of the
performance of quantum dot semiconductor lasers.
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FOLR-#AVE MIXING SPECTROSCOPY OF STATE SELZCTI
CCLLISIONS IN GASES AND SOLILCS®

o)

Juan F. Lanm
Hughes Research Laboratories
Malibu, Califoraia 902635

ABSTRACT

The quantum evolution from a closed to an cpen
system, induced by collisional processes, is presented ia
the framework of nearly degenerate four-wave mixing

. (NDFWM) spectroscopy. We show that an open system
manifests itself by the appearance of a subnatural
linewidth ia the spectrum of the phase conjugate signal.
Examples are described for sodium vapor in the presence
of buffer gases and in Nd°? doped B’ -Na-Alumina for higa
concentration of Nd°! ions.

INTRODUCTION

The discovery of real time phase conjugate optics by
Stepanov et al! and Woerdman? has provided the foundation
for the use of four-wave mixing processes as novel
spectroscopic tools. The inherent advantages of backward
degenerate four-wave mixing over saturated absorption
techniques are the existence of Doppler-free spectrua
combined with their nearly background-free signals, and
the simultanecus measurement of the longitudinal and
transverse relaxation times in a single spectral scan.
The Doppler free feature was first pointed out by Liao
and Bloom?! in their investigation of resonantly enhanced
phase conjugate mirrors. While the simultaneous presence
of the longitudinal and tranverse relaxaticn times in the
spectrum were described by Lam et al‘.

Recent studies of collisional processes using four-
wave mixing techniques have shed new insights oa how
collisional procasses affect the spectral lineshape’. A
point in qQuestion was the measurement of ground state
behavior in spite that the laser was resonant to an
optical transition. This fact illustrates the complexity
involved in our understanding of collision-induced
lineshapes. The objective of this review is to provide aa
up-to-date account of how the technigue of nearly
degenerate four-wave mixing probes the evolution of i
quantum system in the presence of porturbers‘.

D 1988 American [nstituts of Physics
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THE TECHNIQUE OF NDFWM SPECTROSCOPY

The technique of NDFWM spectroscopy‘ involves the
generation of a travelling wave excitation in the medium
(.#ith an atomic reconance w, ) by the interference of
two nearly co-propagating radiation fields oscillating at
frequency w and w+§; respectively. The nearly phase
conjugate field is produced by the scattering of a
counter-propagating read-out beam off the travelling wave
excitation. The nearly conjugate field oscillates at
frequency w-§ and travels in opposite direction to the
input beam oscillating at w+d.

. The small signal spectrum of the phase conjugate
fields takes on distinct behavior depending on whether
the resonant medium is homogenously or inhomogenously
broadened. For the case of a two-level homogenocusly
broadened system, the theoretical spectral lineshape’ for
w=w, exhibits a resonance at 6=0 with linewidth given by
.417, where 7 is the spontaneous decay rate, ia the
absence of a buffer gas. In the presence of a buffer gas,
the NDFWM lineshape shows an effective narrowing in the
linewidth. This phenomencn arises from the formation of a
long-lived ground-state population excitation formed by
the interference of two input radiation fields. The
limiting factor is ultimately determined by the transit
time of an atom traveling across a laser beam.

The spectral lineshape takes on a similar behavior
for the case of an inhomogenously broadened system when
w=w,. It describes the evolution of the spectral
lineshape as buffer gas is added to the quantum system.
For w=w,, the lineshape contains two resonances located
at §=-24 and §20. However the linewidths have different
bebhavior in the presence of buffer gases'. The resonance
line located at &=-24 experiences phase interrupting
collision, which tends to broaden the linewidth. The
resonance line at &=0 experiences a decoupling of the
ground state from the excited state and the width of the
line is determined by the lifetime of the ground state
( in this case it is the transit time ). 4 is the detun-
ing of the pump from resonance.

The spectral behavior of the nearly phase conjugate
field illustrates two important points. First, the
spectrum contains simultaneous information on the energy
and dipole relaxation times, when w=w,. And second, the
spectrum provides a direct measurement of the ground
state lifetime in the presence of a buffer gas.




COLLISION-INDUCED RESONANCES IN SODIUM VAPOR

Sodiuzm vaper provides a testing ground for the
concept outlined above. We consider the excitation of :le
D, line of sodium using two correlated cw lasers having ,
bandwidth of approximately 1 Mhz. Sigce the speczral
lineshape depends on the difference of frequency betwesn
the two correlated lasers, phase fluctuations are
automatically eliminated and the fundamental limitation
o the sensitivity of our measurement technique is the
time of flight of the atom across the optical beam or the
laser linewidth, whichever is larger. Figure 1a shows the
spectral behavior of the pearly phase conjugate field for
equally polarized input fields and for w tuned to the
3 8;,2 (F=2) to 3 Py,, (F=3) transition®. It depicts a
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Figure 1. Spectral lineshape of the NDFWM of sodium for
(a) co-polarized radiation fields, (b) cross-
polarized radiatioa fields.
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~arrowing of the lipewidth, from 20 Mhz to 1 Mhz, as
argen bulier gas is added to the sodium cell. It can also
s interpreted as the appearance of a new resonance with
a puch parrower linewidth. Hence it provides a direc:
zeasurement of the effective lifetize of the 3 §,,,
staze. As the buffer gas pressure increases to 256 torr,
the linewidth broadens up due to the excited state.

Figure 1b shows the spectral lineshape for the
case where the counterpropagating fields, oscillating at
w, is orthogonally polarized with respect to the field
oscillating at w + 8. Again as the buffer gas pressure
jocreases, the linewidth decreases from 20 Mhz to 1 Mhz,
even beyond the 250 torr regime. The use of cross

"polarized radiation fields induces a Zeeman coherence

grating rather thaa a population grating?. The collision
cross section for Zeeman coherences is relatively small,
which accounts for the 1 Mhz linewidth even at a pressure
of 250 torr. These data provides a glimpse of the
simplicity of collisional processes on the NDFWM
spectrum. However, Khitrova and Berman? has predicted
that additional ultranarrow features are also present
even in the absence of buffer gases. These features are
the result of optical pumping processes that exist when
the atomic multipoles are produced by the interfereace of
two orthogonally polarized light beam. A detail account
of the theory and experiment related to these novel
features are presented by Steel et al.!®.

OPTICAL PAIR INTERACTION IN Nd°3-g"-Na-Alumina

The study of cooperative processes in solids has
been a subject of great interest since they determine the
practical limitations of solid state optical devices. The
technique of NDFWM spectroscopy has provided an initial
step toward understanding the role of ion-ion interaction
in the spectral lineshape!!. An interesting candidate
material is Nd*? doped f-Na-Aluminal?:13. For this
material, the four-wave mixing process takes place at 575
nm between the ‘I,,, and ‘G,,, states. However due to the
fast nonradiative relaxation rate of the excited state

Gy;2, the NDFWM spectrum shows a ultranarrow resonance
whose width is determined by radiative decay rate at 1.06
bn ( which is of the order of few hundreds usec ). The
transition at 1.08 um is between the ‘F,,; and *I,,,,
states of Nd°'3.

Figure 2a depicts the spectral lineshape of the
nearly phase conjugate field for three different pump
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intensities. The curve labeled by 23 aW provides a

-~

measurement of the spontaneous decay rate at 1.06 uz avesn
though the laser used in the experiments has a waveleng:j

of 5375 na. At higher value of the laser inatensizy, the
lirewidth broadens up due to pump-induced saturation.
Rand et al'! showed that the intensity behavior of zie
NDFWM linewidth is consistent with the system being

inhomogenously broadened. Figure 2b describes the

dependence of the saturation intensity and the linewid:h
as a function of Nd*3? concentration. For densities larger

thaa .5 x 102! cm”?,

a decrease. Lam and Rand}!* has shown that this behavier
arises from the increase in the pair iateraction which
creates an additional channel for the electron located
‘F;,; to escape, leading to such a behavior.

—

el @sat s ot
[]
TR S-S P

|
|
|

Figure 2. (a)Spectral lineshape for different intensi-
ties. (b) Behavior of the saturation inten-

sity and linewidth as a function of dopant
density.

SUMMARY _

We have described some of the subtle issues
associated with spectral lineshape of NDFWM in che
presence of collisional processes. The results have
demonstrated that collisions do indeed provide a means
of separating the ground state from the excited state.
The ultranarrow linewidth of the NDFWM spectrum is a
manifestation of the ground state effective lifetime.
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Laser Spectroscopy of Semiconductor Quantum Dots

J.F. Lam
Hughes Research Laboratories
Malibu, CA 90265, USA

Recent advances in nanofabrication techniques have opened
the door for the study of quantum confined semiconductor
structures. The first observation of quantum dots was
reported by Ekimov and Onushchenko! who measured the blue
shift of the absorption lines of.CuCl as the dimension of the
dot decreases. The experimental data confirmed the theoreti-
cal model of Efros and Efros?. Theoretical studies in both
the strongly? and weakly quantized®'® regimes indicated that
semiconductor quantum dots might have enhanced optical
nonlinearities. Hence applications of quantum dots in optical
devices such as lasers® and modulators’ appear to be
promising, provided that the technology is sophisticated
enough to produce well characterized samples of quantum dots.

In spite of its potential applications, little is under-
stood concerning the spectroscopy of semiconductor quantum

dots. R- 1ssignol et al® have recently observed spectral hole
burning in CdSSe microcrystallites using a pump-probe techni-
que. Furthermore their measurements indicated that the phonon

broadening dominated the spectral behavior of these materials.
This article describes the optical Stark effect in these
materials, and proposes that the technique of nearly degene-
rate two-wave mixing has the potential of providing a direct
measurement of the energy relaxation and dipole dephasing
times of semiconductor quantum dots.

In order to appreciate the regimes that are being consid-
ered, Table I gives typical semiconductor parameters, together
with the estimates of the de Broglie wavelengths of the
electron, A\p, and the Bohr radius of the exciton, Rg. For
example, a GaAs quantum dot with dimension of 200 A will
enclose a quantum confined exciton. If the dimension
decreases to 100 A, the quantum dot consists of electron and
hole confined inside a box, independent of each other. Note
that a 50 A GaAs quantum dot will possess optical transition
in the visible regime. And if such a set of such dots can be
inserted inside a pn junction, it will generate, in principle,
coherent radiation at approximately 6000 A. This intriguing
idea indicates that the optical properties of quantum dots
require careful examination.

The study of optical processes in semiconductors relies
upon the solution of the bi-local quantum transport equations,

which takes into account both the coherent amplitude of the
electron-hole pair and the number densities. We will restrict
our studies to the case where excitonic processes are impor-
tant. In this case the dot size is assumed to be large
compared to the excitonic Bohr radius but its is limited by
the de Broglie wavelength of the electron.

The ground state is determined by the Slater determinant
of one-electron Bloch states, all lrcated in the valence band
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TABLE |
€ m*/m, Eg (eV) Ao (A) Rp (A)
Galn As P
x20.27 12.4 0.0583 0.95 2786 137
y=0.60
In P 12.4 0.077 1.35 229 96
Ga As 13.1 0.067 - 1.42 245 118
Cd s 5.4 0.21 2.42 139 17
Cd Se 1G6.0 6.13 1.70 176 53

The first excited state is determined by the Slater derter-
minant of one-electron Bloch states, in which one electron and

one hole have been created in the conduction and valence
bands; respectively.

In the effective mass approximation, the interaction of
light with excitons can be described in terms of

H=Eg(-iVg)-Ey(-iVh) +V(Te- Th)

-¥-E®y

The state 11> is the eigenstate of the "unperturbed" effective
mass Hamiltonian, H,.

(1)

One can construct density matrix equations in the same
manner as those found in atomic systems. That is,

d .o 0
it aﬁ?_ = [Hp] + iN ‘éte | Relaxation (@)

where the elements of the density matrices have simple
physical interpretation. <1l p 11> is the probability of
finding an exciton, and <O! p 11> is the optical coherence
amplitude. This is the starting point for the analysis of
four-wave mixing processes in semiconductor quantum dots.

The diagonalization of the exciton Hamiltonian is achieved
by finding the determinant of the following matrix

-u ~¥rE (ﬁ"B‘)

= L
-FaE (R5) Ve U .

(3)
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TABLE |l
A =20 meV L (A) I (Wiem?) Stark Shift (meV)
GaAs-AlGaAs 100 106 0.2
Maw
cds dot 139 6x102 0.2

which gives the following result for the energy level of the
exciton in the presence of a detaned light field

m’B.E‘ 2 3

L
- Ll - SR 4
U = Vexc + Ugxc —ToL (RB) “

The first two terms are just the exciton binding energy
and the last term is the A.C. Stark'sh:ft. Note that the
Stark shift contains a geometric factor which gives the ratio
of the dot size to the exciton Bohr radius. In order to
appreciate the significance of this result, Table II provides
a comparison of the intensities of the light field for the
case of a GaAs Multiple Quantum Well and a CdS quantum dot.
One sees that in order to achieve the same Stark shift, the
power density for the multiple quantum well is four orders of
magnitude higher than that of the quantum dot. This is
intimately related to the geometric factor.

The application of the density matrix equations to the
case of two-wave mixing can be carried out using perturbation
theory. The result of the analysis provides an expression for
the small signal gain coefficient

r S Q2
g=a- {1+;x me} (5)

where a, is the linear absorption coefficient, I is the
exciton dephasing rate, 7 is the exciton energy relaxation
rate, & is the frequency mismatch between the two input beam,
4 is the detuning of the strong pump from exciton resonance,
and (1 is the exciton Rabi flopping frequency. This result is
identical to the one obtained from resonant two-level systems.

Figure 1 gives the dependence of the gain-length factor as
a function of the frequency mismatch &, for the case of CdS
quantum dot. In a manner identical to that encountered in
resonant atomic system, amplification of the signal is
achieved under certain conditions. The maximum of the gain
coefficient gives a direct measurement of the exciton energy
relaxation rate. While the amplitude gives a direct measure-
ment of the exciton dephasing rate.
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Figure 1. Gain length product as a function of the normalized
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THEORY OF TRANSIENT SELF-PUMPED PHASE CONJUGATION
IN
PHOTOREFRACTIVE MATERIALS *
Juan F. Lam

Hughes Research Laboratories
Malibu , CA 90265

Abstract

A self-consistent solution of the coupled charge
transport-Maxwell equations has been obtained in the transient
regime for self-pumped photorefractive mirrors. The theory
predicts the existence of self-pulsation and frequency chirping

of the phase conjugate signal.




Theory of Transient Self-pumped Phase Conjugation
ia

Photorefractive Materials

Juan F. Lam
Hughes Research Laboratories

Malibu , CA 90265

The discoveries of self-pumped phase conjugation in
barium titanate by White et al! and by Feinberg? have provided

the impetus for the practical implementation of loaded phase

3

conjugate resonators®, demonstration of optical convolution and

4

correlation®, and application of the thresholding property to

associative memories®.

During the last few years, a substantial understanding
of the physical mechanism giving rise to self-pumped phase
conjugation has been achieved®'’. However, the origin of the

frequency shift reported by several authors has been the source

of current controversy. The objective of this paper is to attempt

to provide an understanding of the temporal evolution of the
self-pumped phase conjugation process, for the purpose of

explaining some of the frequency shift data®'?®,




The formulation of the transient problem is based on the
solutions of the coupled charge transport and Maxwell equations,
in the limit of small modulation parameter and in the presence
of a temporal step incident intensity. The crucial assumption is
the existence of a photo-excited photovoltaic current, directed
along the c-axis of the electro-optic crystal. This current was
postulated to be responsible for the origin of frequency shift’.
Since the formation of the phase conjugate beam is sensitive to
the boundary conditions inside the crystal, two distinct
geometries were analized. The first geometry involves the
spontaneous generation of counterpropagating pump waves from the
side walls of the crystal, in a manner identical to the
experiments of Gunter et al®. Using Laplace transform techniques,
the temporal evolution of the internal space charge field was
obtained and used to generate the nonlinear polarization density.
In the small signal limit, the phase conjugate signal is shown to
posses two interesting contributions.

The first one involves the temporal dependence of the
intensity, as shown in Figure 1. It depicts the evolution of the
phase conjugate intensity( normalized to the steady state value )
for two distinct values of the input intensity. This oscillatory
behavior is a direct consequence of the photo-excited
photovoltaic effect. The dielectric relaxation rate ( I, .) and

the photovoltaic frequency shift ( §, ) are the two important
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physical parameters in the calculation. We have chosen I'j = 10-*
I, Hz and 6§, = 1.x I, Hz. As the intensity increases by a factor
of 2, the oscillation alsc increases by the same factor. This
behavior , called self-pulsation, has been reported by Gunter et
al. The second one involves the temporal evolution of the optical
phase. The solution of the problem shows that there exists a
frequency chirping, which decays in time at a rate given by I',.
This phenomenon may provide a clue to the origin of the self-

scanning property of a barium titanate phase conjugate resonator.

* Supported by the Army Research Office under contract No.
DAALO3-87-C-0001
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ORIGIN OF ANOMALOUS DIELECTRIC RELAXATION TIME
IN PHOTOREFRACTIVE MATERIALS *

Juan F. Lam
Hughes Rescarch Laboratories

Malibu, California 90263

ABSTRACT

A solution to the sublinear intensity dependence of the photorefractive response is
proposed. The theory predicts that the shallow traps are responsible for the 7 " behavior
of the response time, in agreement with current experiments. The parameter r is found
to be a function of the temperature, the grating spacing and the width of the energy
distribution of the shallow traps. The theory suggests a novel approach toward improving

the room temperature response time of these materials by two orders of magnitude.




The initial understanding of the photorefractive e¢ffect in insulators was pioicered by
Vinet<kii and Kukhrarev !. They used the classical charge transport equations in a two
band model to describe the interaction of light with the insulating inaterial. Assuming
that the generation of carriers take place via the photoionization of deep level iupurities.
followed by band tran~port mediated by diffusion. they arrived at an elegant expression
for the change of the index of refraction due to the first order electro optic effect. This
model has been very succesful in predicting the majority of the macroscopic nonlinear
optical phenowena such as two-wave mixing gain 2. degenerate four-wave mixing 3. and

~clf pumped phase conjugation .

In the last few years. there have been several attempts made to provide a deeper
understanding of the fundamental physics underlying the photorefractive effect. Careful
experiments > have heen performed which showed that the charge transport model might be
incomplete. and possibly unsuitable, for the measurement of critical physical parameters.
These experiments indicated that the response time of these materials is not inversely

propostional to the light intensity, as has been claimed from the simple solution of the

charge transport equations.

The experiments involve (1) the writing of a spatial grating by the interference of two
optical beams. whose propagation wave vectors are incident on the photorefractive material
with an angle 6 relative to each other: (2) the erasure of this grating by either a coherent
or incoherent optical beam; and (3) the coherent scattering of a fourth optical beam from

the spatial grating , which acts as a read out process.
The results of the experiments indicate the following facts:
A The spatial grating decays exponentially at a rate which is proportional to the erase

beam intensity to the x power, where x has been found to be less than 1.

B. x increases toward unity as the temperature of the sample increases.
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C. x Jdepends on grating spacing.

D. The sparial graring decay rate increases by iwo orders of magnirnde when the

tenperature of the sample increases from 20 ¢ 1o 120 C.

These resnit< can not be explained from the current charge transport model. The re-
snult~ also indicate that rhe use of the original charge transport equations for the determina-
tion of rwobility coefficient. deep level photoionization rates and deep level recombination
rates might lead ro significant errors. Current deduced values are based upon the linearity

of the response 1ime on the light intensity.

In view of the lark of nunderstanding of the fundamental physics of photorefractive
effect. this article proposes a <olution. based on the existence of shallow traps, of the
sublinear intensity dependence of the erasure rate. The predictions of the theory will be

shown to be in qualitative agreement with all available experimental .lata.

The photorefractive effect arises from the change in the index of refraction n due to

the generation of an internal space charge field E in an clectro-optic crystal. That is,
1
A{;} =r-E (1)

where r is the electro-optic tensor.

T .1e space charge field. E. is produced by the diffusion process that is inherent in a
spatial varying distribution of photo-ionized charge carriers, of density n. which in turn is
generated by the interference of two optical beams. whose wave vectors make an angle
with respect to each other. The photo-ionized carriers originate from deep level impurities.
having density N. The random motion in the band coupled with the spatial inhomogeneity
of the distribution function leads to a charge separation between the ionized deep level
impurities and the carriers. The ensuing Coulomb interaction sets up a space charge field
which is stationary provided that the frequency of both optical beams are identical. The

mechanism of diffusion is responsible for the nonlocal behavior of the index of refraction.
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That is. the <pace charge field is 907 ont of phase with respect to the photo-innized carrier

Jdistribution.

The dynaiies of the charge rransport process takes an added but important complexity
if shallow traps. \N,. are present in the matcrial. The photogenerated carriers will hop in
the <hallow traps for a certain period { as determined by their capture rate. .,. and
ejection rate r, ) until they find deep levels to recombine. It is this the hopping process in
the ~hallow traps that determine the intensity dependence of the photorefractive response

time.

The dynamics of the charge carriers are described in terms of the following equations

of inotion

aé\t.l = nw; — N,r, (20)
‘% =S (2¢)
L e

where J = guE — DOn/d3t and § = g — r. The notation g and r stands i'or the deep level

photogeneration and recombination rates; respectively.

Equations (2) can be combined to arrive at the following exact expression for the time

evolution of the space charge field:

‘?E_—__{‘l’_"i E+{qD on

ot €€, e(o} X oz (3)

The first term in Equation (3) describes the temporal response of the space charge
field. while the second term describes its spatial diffusion. Hence the critical problem is
to find an expression for the carrier density n. This ask can be accomplished by using

the method of statistical mechanics®. That is, the carrier density is directly related to the
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profability. pin). of finding n carriers. in the presence of photogeneration. ~hallow trap

Lopping and deep level recombination. This fact can be written as

x
n = / dnp(n) 4
J0

The probability i~ given in terms of the density -of states of the shallow trap levels as well

as the nuwnber of photo-generated carriers. That is,
x| )
pin) = / dUg(I")6ln = n(" - qEd)] (5]
/o

where n = o I{Np - N,)/9N, is the photo-generated carrier density from the deep traps.
n(l") is the Fermi-Dirac distribution taking into account the internal <pace charge field
and the effective hopping distance d: and g(U") = Aexpi - (U - Up)/kT,]H(U - Up) i~ the
density of states of the shallow traps. H(U" — Up) is the Heavy<ide function. The physical
parameters are the photoionization cross section, o, the deep level recombination rate per
nunit volume, ~. the donor density. Np, the acceptor density. .V,. the minimum shallow
trap level. ['p. and the growth temperature of the sample, T,. Inserting the respective
quantities in Eguation (4). one finds the following exact analytical expression for the optical

response timne of the photorefractive materials.

€€,

r= —<—=Xxn*xerp(AE[kTf) (6)

quno

where the exponent x is defined by

mAkd
1 - — — oS 7
<A 1+(_\k/ko)2} )

SIS

and f = T,z /T describes the action of the space charge field on the carriers moving in the
band and hopping in the shallow traps. AE is the difference between the Fermi energy and
Ep. n, is the dark carrier density, m is the modulation index arising form the two wave
mixing process. Ak is the wavenumber of the generated spatial grating, k, is the Debye

wavenumber. Equation (8) is the key result of our work.
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Scwveral important conchisions can be derived from Eguation (6). First. the oprical
fesponse or erasure time is inversely proportional to the light intensity to the x power. In
order 1o Hinstrate this point. Figure 1 depicts the crasure rate ( the inverse of the erasure
tiune | oas a function of the erase heam intensiry. The open triangle corresponds to the
cxperimental data of Magerefteh and Feinberg®. And the <olid line is the result of Equation
(6). The theory is in qualitative agreement with the room temperature experimental data
if T, = 285K and ME/kg = 5000K. The compurted theoretical value for x is .887. which
is approximately equal to the experimental value of .88 . Hence the presence of shaliow
traps change the optical behavior of photorefractive materials in a very significant manner.

Indced estinictes of optical response times. photoionization and recombination rates can

be off by orders of magnitude. if the linear intensity dependence is used in the analysis.

Second. the exponent x is a function of the spatial grating wavenumnber. This depen-
dernice arises from the work done the the space charge field on the carriers, leading to the
change of their local effective temperature. Figure 2 compares the theoretical results with
the experimental data of Chang’. The solid line is the result of the model, while the circles
{ open and close ) are data taken from beam erasure experiments. The physical parameters
used are m = .06 for the modulation index, k2 = 7x 10%m 2 and Ak? = 7.60x 10'%m 2.
The only variable in the theoretical fit was the hopping distance d. which was found to be
approximately 370 nm. This numerical value is ten times larger than that estimated from
the simple charge transport model. It appears to be consistent with the physical model

that the carriers hops in the shallow traps before experiencing deep level recombination.

Third. Equation (6) predicts a response time which is exponentially decreasing with
the equilibrium temperature of the sample. The dependence arises from the Fermi-Dirac
distribution and the density of the shallow traps. Figure 3 compares the result of the
theoretical model with the experimental data of Rytz et al®. Using their value of AE /kg =
5000K , we found that the results obtained from theory are in reasonably good agreement

with experiments.
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What can be predicted from the theoreticnd model 7. A key question in photorcfracrive
nonlinear optics is the improvement of the optical response time of the 1naterial at room
1o perature. Figure 4 suggests an entirely new approach roward answiring this imporsant
question. It shows that the opticai response time can be decreased by at least three orders
of magnitude at room temperature if AE/ky can be reduced from 5000 K to half its
valne. This can be accomplished by investigating techniques for reducing the difference
between the Fermi-Dirac energy and Ep. It nnplies that the hopping processes that have
~low capture rate and fast release rate in the shallow rraps are key to the solution of this

problem.

In conclusion. we presented. for the first time. a solution to the long-standing problem
of sublinear intensity dependence of the optical response tir 2 of photorefractive materials.
In addition. the theory predicts the distinct possibility of decrea~ing the optical response
time of these materials by three orders of magnitude provided that the hehavior of the

shallow traps can be controlled properly.
* This work was first .resented at the Conference on Lasers and Electro-Optics, Balti-
more (April. 1939).
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FIGURE CAPTIONS

Cignre 1 Tutensity dependence of the erase rate at room temuperature. The open trinngle are
~=ken from the experimental dara of Reference 3. The ~olid curve is the result of the
theory. The only firting parameter is AE/kg and T,..

Figure 2 Dependence of the exponent x on the grating spacing. The solid curve is the res<ult
of the theory. while the open and closed circles are taken from the doctoral thesis of
Chang. The only fitting parameter is the effective hopping length.

Figure 3 Dependence of the response rime on the sample temperature. The solid line is the

theory while the experimental data were taken from the work of Rytz et al.

Figure 4 The dicleciric response time as a function of A E/kg. for room temperature operation.
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THEORY OF STIMULATED SCATTERING PHASE CONJUGATION
IN
RESONANT SYSTEMS

Juan F. Lam
Hughes Research Laboratories

Malibu , California 90265

ABSTRACT

A theory of self-pumped phase conjugation in resonant systems is presented. We postulate
that stimulated backward two-wave mixing is the mechanism leading to the production of
phase conjugate waves. We show that the conjugation process has a threshold behavior
and the phase conjugate wave has an intrinsic frequency shift as a function of the pump

intensity.




I. INTRODUCTION

Self-pumped phase conjugation ( SPPC ) has been a subject of great interest due to its
application in the area of optical signal processing!. The phenomenon of SPPC was first
discovered when Stimulated Brillouin scattering was generated in a nonlinear medium 2.
They found surprisingly that the backscattered radiation had the property for correcting
any artificial aberration imposed on the input pump field. This observation led to the
development of phase conjugate optics as an integral part of quantum electronics. The
success of SPPC lies in its simplicity for the implementation of phase conjugate mirrors.
That is, a single input pump field can generate a backward propagating radiation field,
whose optical phase is the negative of that of the input pump field provided specific energy
and momentum conservation laws are satisfied. This general remark needs to be quantified
dependent upon the circumstances of the experimental set-up. For example, experiments
performed in a geometry where an optical cavity is present might also involve the process
of four-wave mixing which will produce phase conjugate fields. However even in this case,
given a single input pump field, stimulated scattering appears to play the dominant role in
producing the additional two other coherent beams which are required for the four-wave

mixing process to take place.

Subsequently , the same phenomenon has been replicated in photorefractive materials?,
in Kerr media!, saturable absorbers® and lately in atomic vapor®. Self-pumped phase
conjugation in photorefractive materials arises from the amplification of noise by means
of coherent energy transfer between the incident pump field and the scattered field.” The
mechanism responsible for net gain is the formation of a nonlocal traveling wave grating,
arising from the diffusion and drift of charge carriers. An internal space charge field is
produced by the spatial separation of the photo-ionized carriers from the defects present
in the electro-optic crystals. The change of the index of refraction, which is proportional
to the intrinsic space charge field, is 90 degree out of phase with respect to the intensity
interference pattern. The scattering of the pump field from the refractive index generates
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a coherent amplification of the scattered noise. Although this simple physical picture
is acknowledged to be correct, there are complex behaviors such as intrinsic frequency
shifts and instabilities -that obscure the interpretation of the experimental data. The
production of phase conjugate fields in a Kerr medium was observed in the presence of an
optical cavity. In this case, the physics became clear. The pulsed laser induced stimulated
Brillouin scattering which is allowed to bounce back and forth inside the resonator. Hence
the counterpropagating beams in the resonator constitute the pump beams in the standard
four-wave mixing configuration. Phase conjugate fields arise from the scattering of one of
the counterpropagating beam from the interference pattern generated by the input pump
and the other one of the intracavity beams. Intrinsic to the stimulated Brillouin scattering,
there exists a large frequency shift of the order of one Ghz. In a similar manner, SPPC in
sodium vapor was also observed in an intracavity configuration. Identical argument can

be given to ascertain the origin of phase conjugate fields in the latter case.

In spite of these studies, little is understood concerning the role of stimulated scat-
tering processes in the generation of phase conjugate fields in resonant materials. The
experimental discovery of nearly phase conjugate wave in rhodamine 6 G by Koptev et
al 4 led to the understanding that saturable absorbers impose a large frequency shift (
few hundreds angstroms ) between the input light and the scattered light. A preliminary
theoretical model by Lam et al ® appears to confirm the experimental findings. Further-
more, this theory predicted that even two-level systems do indeed generate gain in the
absence of population inversion, leading to the appearance of phase conjugate fields. In
addition, careful experiments® performed on rhodamine 6G indicated that the spectrum
of the spontaneous emission noise was much wider than the spectrum arising from lasing
action. And the phase conjugate spectrum mimcs that of the spontaneous emission. These
observations raise the question whether or not SPPC is a universal phenomenon; i.e. can
this effect be generated in any nonlinear optical material ?. The objective of this work is to

show that the fundamental physical mechanism giving rise to SPPC is stimulated two-wave
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mixing. This is the same mechanism proposed to explain the origin of phase conjugate
waves in photorefractiveimaterials7. Furthermore, we shall show that the mechanism can
be operative in any resonant systems. Hence, the objective of this work is to extend the
results ® and put into a coherent form a physical description of the fundamental physics

of phase conjugate field generation arising from resonant systems.

Section II provides an intuitive physical description of the scattering mechanisms re-
sponsible for the generation of phase conjugate fields. This section discusses, in terms of
simple physical arguments, criteria that are necessary for the stimulated two-wave mixing
to occur. Utilization of the basic concepts such as conservation laws lead to a clear under-
standing of the scattering processes. The discussion set the stages for the detail calculation
of the nonlinear response function, which is the objective of Section III. We assume that
the resonant medium czn be described in terms of a set of homogenously broadened two-
level systems. We calculate the medium response using the density operator formalism,
and couple the results with the wave equations in a self-consistent manner. Section III
is included for sake of completeness. The results for the case of pump-probe interactions
have been extensively analyzed previously®~!5. Section IV provides a physical model for
the generation of phase conjugate fields in resonant systems. This model gives additional
insight into the nonlinear processes responsible for the origin of the phase conjugate field
in stimulated scattering. A description of the nonlinear gain and dispersion functions for
both the backward and forward scattered lights is presented. We will show that the op-
timum gain condition determines the frequency of the scattered field. A summary of our

results is presented in section V.
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II. PHYSICAL PICTURE

The dynamics of bagkward stimulated two-wave mixing relies on the Rayleigh scat-
tering to provide the noise source required in the formation of an interference pattern.
Consider a pump field E, incident upon an absorbing medium. The simultaneous ab-
sorption of the pump field and the generation of a fluorescence emission field produces
an isotropic distribution of scattered fields. However only the component of the scattered
field that is counterpropagating to that of the pump can generate, in general, a traveling
wave grating ( assuming that they do not coincide in frequency ) . Subsequent scattering
of the pump field reinforces and produces additional backscattered field E,. Backward
scattering possesses the advantage of achieving maximum spatial overlap between the in-
cident and generated radiation fields. In analogy to the Zeldovich's argument of phase
conjugation via stimulated Brilloiun scattering, the component of the backscattered field
that achieves maximum transverse spatial overlap with the input pump field is the phase

conjugate field.?

The qualitative description given above can be quantified in the following manner.
Consider the work done by the radiation field E(r,t) which is defined by W =< J.E >,
where J is the nonlinear current density induced by the radiation field, and < —— > stands
for the spatial average over one wavelength of light. The spatial averaging is required since
macroscopic optical phenomena can only take place for interaction volume larger than one
wavelength of light. Energy transfer between the incident pump field and the scattered
field can only take place provided that W # 0. This fact can only be satisfied if there
exists certain phase relationship between J and E. Figure 1 illustrates the essence of this
discussion. At the top center of the figure is a picture of the intensity distribution for
a period of one wavelength. On the left hand and right hand columns of the figure, the
medium response, the current density and the work done by the field are illustrated from
top to bottom. Now, the work done is just the total area under the curve. If the area is

nonzero, then the work is finite. In this case energy transfer occur. As one can see nonzero
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work is possible provided that the medium response is 90 degree out of phase with respect
to intensity interference pattern, as seen from the figures in the left column. If the medium
response is in phase with the intensity pattern, then the work done is identically equal to

zero, as shown in the figures on the right column.

The important question to ask is how this simple picture relates with the problem
encountered in resonant systems. These systems are known to possess two components
in their optical responses to radiation fields. They are the absorption coefficient and the
index of refraction. ain does not occur except under conditions of population inversion or

s
nonlinear wave mixing. The fundamental of energy transfer process can be understood in
the framework of the dressed atom. The effect of a strong pump field is to induce changes
in the eigenstates of the atom. Effectively the radiation field breaks the degeneracy of the
eigenfunction in the following manner. The electric dipole interaction with the radiation
field mixes the atomic eigenstates into a coherent superposition. Each atomic energy level
acquires both a symmetric and an anti-symmetric wavefunctions, whose separation is the
Rabi flopping frequency. Hence for an initial two-level system, the application of a strong
radiation field gives rise to a 4-level system. The process of energy transfer can then be

described in terms of a Raman-type interaction in which the absorption and reemission of

the pump field gives rise to an amplification of the scattered field.

G-6




III. FORMULATION OF THE PROBLEM

To quantify these ideas we carried out a calculation of the spectral lineshape gain
for an ensemble of homogenously broadened two-level atoms in the presence of an input
pump fleld E,, oscillating at a frequency w. and a backscattered field E,. with a spectrum
of oscillating frequencies w + 6. The latter is due to the noise properties of scattered
radiation, as remarked in the previous section. We shall allow § to vary in order to find
out the condition under which the backscattered signal achieves an optimum gain, hence
taking away energy from the pump. Furthermore it is assumed the magnitude of E,, is much
stronger than that of E,;i.e. pump depletion is not taken into account. Starting from the
density matrix equations, the strategy we shall follow is to solve exactly the response of the
medium to E, and then use the solutions to find the response of the medium to the wave
mixing process due to E, and E,. The nonlinear wave mixing problem is then reduced to a

self-consistent coupling between the density matrix equations and the Maxwell’s equations.

The density operator p obeys the quantum transport equation
. dp . dp
153? = [Ho, P] + [Va p] + lh(‘d—t)rel (1)

where H, is the unperturbed Hamiltonian, V = —uFE is the electric dipo'c coupling to the
radiation field, and the last term on the right hand side is the relaxation due to reservoir
coupling. In a closed two-level system ( no state selective collisions present ), the last term
takes on a very simple form for the case of a two-level system. If | 1 > and | 2 > are the

ground and excited states of H,; then

d .
(%l)rel = 1P22 (2a)
d

(%)nl = =%/ (2b)

d

(%)rcl = —%Plz (2¢)
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where v is the radiative decay rate of the excited state. Using the assumption that the
incident pump field is much stronger than the scattered field, one can write the electric

dipole coupling in the following manner
V = —uEp(r,t) — uE(r,t) (3)

We shall first solve the density operator equation for E, exactly, and then use the solution

to solve the density operator equation for E,.

The components of the density operator equation for the pump field E, are given by

(0)

dp 1

g =08 + vl - vy (4a)
dp}y) 200 = Lyo,0 _ oy
—at - {V P = P12 Va1 '} (4b)
{dt zwo}p(o) = .hv(o)(pgg) _ p(o)) (4c)

where w, is the two-level transition frequency and the superscript , (0), stands for the
equations and solutions pertinent to E,. That is, V,(zo ) = —p12Ep(r,t) is the potential

energy due to the electric dipole moment u,; coupled to E,.

In a similar manner, the components of the density operator equation for the scattered

field E, are given as

dolV)
UL =)+ LV - V) + K - (s
dply) M _ Lo _ 1), (1,0 _ o))
2t =~ Vi e — iV} - {Vz Pu — P12 Var '} (50)
{dt Wo}P(l) V(o)[l’glz) Bl 1)] + Vl(zl)[ g(;) - /’11 ] (5¢)
where V( ) = ~uE,(r,t) is the potential energy of the electric dipole moment yu;; coupled
to E,.
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The density operator equations have very simple physical interpretation. The right
hand side of the equations for the population of the ground and excited states describe the
work done by the field on the atoms. The right hand side of the equations for the optical
coherence describe the coherent scattering of light from induced gratings in the population

difference.

The polarization density that contributes to the evolution of E,(r,t) is defined by
P(r,t) = Trace(p\Vy) = p(llz)uzl + h.c. (6)

where h. c. stands for the hermitean conjugate of the first term. The polarization density
enters into the Maxwell’s equations as a source term. The wave equation can be reduced
into a simple form if one assumes that the envelope of the radiation field varies slowly
on a spatial scale as compared to the wavelength of light. This is just the slowly varying
envelope approximation. That is, if E(r,t) = (1/2) [ dwA(r,w)ezpi(kr — wt) + c.c., then
one can neglect the second order spatial derivative, along the direction of k, of A in the

wave equation. Using this assumption , one obtains the following expression for the Fourier

envelope

dA . .

= ze(%)) < P(r,t)exp(—i(kr — wt)) > _ (7)
where ¢ = 1 for forward scattered light and ¢ = —1 for backward scattered light. The

boundary conditions for the problem is the following. For the forward scattered light, a
finite amplitude of the radiation field is given at the entrance to the material. For the case
of backward scattered light, the amplitude of the scattered light is set to a constant at the
back of the material. This constant is determined by the amount of resonance fluorescence

present in the material.




IV. ANALYTICAL SOLUTIONS AND PHYSICAL INTERPRETATION

We shall assume that all physical quantities are the Fourier components , unless oth-
erwise stated. Using the slowly varying envelope and rotating wave approximations, the

steady state solutions are given as

o0 _ 0 _ _ Vo
2 i 1+ Re{L(A)} x (£)

(8)

is the population difference between the excited and ground state of the two-level systems.
Re stands for the real part of a complex quantity. The factor L(A) = 1/(~/2 + 1A) is the

complex spectral lineshape. A = w — w, is the pump detuning from resonance.

ng) iR;L(A) [P(zg)—l’u] (9)

is the optical coherence induced by E,. R, = uE/2h is the Rabi flopping frequency. These
solutions are well known in the context of saturated absorption and dispersion of coherent

light.

Equations () are used to find the nonlinear optical coherence which is obtained from

an exact solution of Egs. (), and is given as

1, ., 2R R3 Y
l’glz) = ('ﬁ){131 [P;g) - Pu)] + IRO,; (10)

with
2

=3 - A
D—§+z( 6+A)+(I/I,)x7+i6

where § is the frequency detuning of the scattered field with respect to the pump fieid.
Equation (10) has the following physical interpretation. The first term is just the absorp-
tion coefficient of E,, modified by the presence of E,. That is, the population difference
is altered by the action of the pump field. The second term gives rise to stimulated two-
wave mixing processes, and its strength is attributed to the formation of a traveling wave
grating. The grating contribution is reflected in the nonzero value of .
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The equation for the scattered field is derived with the help of Eq.(), and the results is

1 dA
A, dt’ = —¢F(A,6,1/1,) (11)

where the complex function F determines the condition for net gain or loss, as well as the

nonlinear dispersion coefficient of the material. In specific, F is given as

a 1
F(A,6,1/1,) =2 ,
2 1/ 1,
1+ :l—iZA/'yizi
1
. I/21,
1- I(A - 6) + l+i6/"3
_(1/21)

where a is the linear on-resonance absorption coefficient of 4,. The second factor on the
right hand side is the saturation parameter due to the strong pump field. The third factor is
the pump modified spectral response of A,. And the last factor consists of two terms. The
first one, which is proportional to 1, is just the linear loss and dispersion contribution. The
second term describes the two-wave mixing interaction. Equation (12) has the following
physical interpretation. Given a specific A and I/I,, there exists a range of § such that
coherent energy transfer takes place from the input pump field to the scattered field. For
example, if the real part of F is negative for certain range of 6, then the backscattered
field is coherently amplified. On equal footing, if the real part of F is positive for certain

values of §, then the forward scattered field is amplified.

In order to appreciate the results obtained, we proceed to provide a pictorial description
of the real and imaginary part of F. The real part describes the effect of absorption or
amplification. The imaginary part is just the effective dispersion coefficient. Figure 2
represent the real part of F when the input pum field is tuned to resonance ( A = 0).
The results indicate that for low input pump field, no net two-wave mixing gain is ever
achieved. Amplification of the scattered light occurs for I/I, = 10 as shown in Figure

(2¢). A double sideband amplification is achieved for the scattered field detuned from the
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input pump field by about 2.5 times the linewidth. For higher values of I/I,, one noticed
a ring like structure for the scattered light. This phenomenon has been observed in high
intensity experiments performed in Na vapor, and will occur provided that the spectrum

of the scattered light has enough bandwidth in order tc accomodate the gain spectrum.

Figure 3 describes the effect of detuning of the pump field from resonance. Again, for
low intensity of the input pump field, gain does not take place. Gain is achieved as shown
in Figure 3c, where I/I, = 10. The spectrum acquires a skew symmetry, remminescence
of dispersionlike lineshape. Gain is possible only for the low frequency component of the
scattered light. The dispersionlike character is accentuated in Figure 3d where the input
intensity is far above saturation. The origin of the dispersive character is easily understood
as arising from the response of the material to the applied radiation field. When the input
field is detuned, the two-level system has a tendency to follow the radiation field, and the
lineshape is determined by the detuning parameter, and not by the linewidth , as is true

in resonant situations.

Figure 4 describes an extreme case where the incident pump field is far detuned from
resonance. Again, no gain is present for low intensity. Small amount of gain start to
appear for I/I, = 10. The gain feature becomes more pronounced when the intensity of

the pump is far above saturation.

These spectral line features becomes more complicated when one factors in the floures-
cence spectrum of the atom. That is, if one takes into account the spectral width of the
scattered radiation. An intuitive deduction can be obtained in the following manner. Sup-

pose that the spectrum of the scattered light mimics that of the input pump field; assumed

to have a bandwidth Afl. Then the scattered radiation will be amplified provided that

the spectral gain falls within the bandwidth of the pump field.

The nonlinear dispersion coefficient is displayed in Figure 5 and 6 for the case of
on-resonance and far detuned from resonance. The dispersion line shapes are just the
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derivatives of the nonlinear lineshape, as should be from the Kramers-Kronig relation.

The dispersion lineshape determines the nonlinear index of refraction of the material.

A brief summary is in order. The Fourier component of F contains two terms. The
first one in the numerator describes the effect of linear absorption and dispersion. modified
by the wave mixing effects. The second term arises from the intrinsic two-wave mixing
process. The sign of F determines the condition for the amplification of the scattered light.
However, a condition must be satisfied. The spectrum of the input incident field must fall
within the gain bandwidth in order for the scattered radiation to acquire energy without
population inversion. This picture is consistent with the fundamental physics of resonance
fluorescence. If the radiation field spectral bandwidth is narrower compared to the natural

linewidth, then the scattered light spectral bandwidth is identical to that of the pump
field.

Equation (11) has a simple exponential solution within the regime of our approxima-
tion. The occurance of gain for the backscattered field depends entirely on the behavior
of F. Several interesting features can be derived from Eq. (11). First, F has two contri-
butions. The real part of F describes the gain or loss characteristics of the self-pumped
wave mixing process. For a specific set of A and 4, the real part of F goes through a null
as a function of I/I,. It implies that the self-pumped process has a threshold behavior.
This conclusion is shown in Figure 8 where the net absorption coefficient is plotted for
the case of a model atomic vapor with density of 10!! ¢cm~3 and the input pump field is
tuned on resonance. It is assumed that there exists no frequency mismatch. For this case,
threshold for gain is obtained at 10 W/cm?. For input intensities higher than 10 W/cm?,
the backscattered field E, is coherently amplified from the spontaneous noise. The second
contribution is the imaginary part of F which gives rise to the nonlinear dispersiv.e tehavior

of the backscattered wave.
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V. GENERATION OF PHASE CONJUGATE FIELDS: A SIMPLE MODEL

And last, although the analysis above shows the possibility of backward gain under
the condition of achieving threshold. it is important to point out that the backscattered
field is the phase conjugate of the pump “eld. This can be accomplished by applving the
rudiments of scattering theory to wave mixing processes. The pump field can be written

as

E, = E,exp(iKz2) + /\/d/cEl(x., z)exp(inr_ + ikz2) (12)

where the first term is a plane wave propagating along the z axis and the second term
contains all the distorted components of the pump field, after passing through an aberrator.
The dummy parameter A describes the relative magnitude of the second term with respect

to the first term. In a similar manner, one can write the scattered field as
E, = Eyezp(—iK'z) + A / dkEm(x, 2)ezp(ixr, — ik'z) (13)

where the first term is again a plane wave propagating in the opposite direction to the
pump field and the second term arises from the scattered component due to wave mixing
processes. We shall assume in our analysis that A < 1 ;i.e. the magnitude of the scattered
component in Eq.(13) is small compared to the plane wave component. Using Eq.(12) in

Eq.(13), one obtains the following spatial evolution equation for the scattered field envelope

En
dE,,

- = AE,, + B{E\EoE} + E\EjE exp(iAkz)} (14)

Where A= a F(I), B=-2 A G(I)/ E%,,, F(I)=(1-1)/(1+1)(1+2]), G=1/(1+2D)+1/(1-12),

I = Iy/1, and Ak = 2(k— K). The on-resonance saturating field E,q, is equal to 21,/ce°‘/2.
Equation (14) has a very simple physical interpretation. The first term on the right hand
side is just the DC response of the medium. The second term has all the important
information concerning the degree of phase conjugation. The first term inside the bracket

represents the degenerate four-wave mixing process giving rise to phase conjugate fields,
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i.e. proportional to E}. The second term inside the bracket describes the existence of the
non-conjugate field,i.e. proportional to E),. However these two terms differ by a phase
factor Wkz. which is a measure of the degree of distortion of the input pump field. The
second term can be made negligible provided that the combination of distortion and/or
the length of the medium is long enough to make Akz > 27. The appearance of the non-
conjugate component in self-pumped phase conjugation is a consequence of the collinear
geometry inherent in the problem. The same effect appears in collinear degenerate four-
wave mixing. Hence for sufficiently long interaction length, the phase conjugate component
of the backscattered field dominates. This result points out that if the pump intensity
exceeds threshold for backscattering to take place and for long interaction length, the

backscattered field is the phase conjugate of the input pump field.
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CONCLUSIONS

In summary. a theory of self-pumped phase conjugation in resonant media has been
presented. We predict the existence of a threshold behavior for backward gain, we attribute
the origin of frequency sidebands to the dynamic Stark effect and we found that the
nonconjugate component of the backscattered field can be eliminated by using a long

interaction length.

* Work supported by the Army Research Office under contract No.DAALO3 — 87 - C —
0001 and by the Air Force Office of Scientific Research under contract F49620 — 88 —
C - 0042
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Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

FIGURE CAPTIONS

The intensity modulation, medium response, current density, and the work done by

the field, from top to bottom.

The nonlinear lineshape or the real part of F as a function of pump-probe detuning,

for distinct values of the input intensity. The case of resonant excitation is considered

The nonlinear lineshape or the real part of F as a function of pump-probe detuning,
for distinct values of the input intensity. The case of the pump detuned one linewidth

away from resonance

The nonlinear lienshape or the real part of F as a function of pump-probe detuning, for
distinct value of the input intensity. The pump is detuned by 10 times the linewidth

away from resonance

The nonlinear dispersion coefficient for the on-resonance case, for distinct values of the

input intensity

The nonlinear dispersion coefficient for the case when the incident pump field is detuned

by 10 times the linewidth away from resonance

The net absorption coefficient as a function of the input pump intensity. Positive values

of the net absorption coefficients represent losses while negative values represent gain.
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Resonant self-pumped phase conjugation
in cesium vapor at .85 micron

Celestino J. Gaeta and Juan F. Lam

Hughes Research Laboratories, Malibu, California 90265

We report the first observation of resonant self-pumped phase conjugation at diode
laser wavelengths. A phase conjugate reflectivity cf 0.1%, and a ¢w threshold in-

tensity of 35 W/cm?® were measured.

The search for an ideal self-pumped phase conjugate mirror has been an objective of active
research in optics recently. This special mirror must have the following desirable properties:
fast response and build-up times, a large phase conjugate reflectivity and a small frequency
mismatch between the input and phase conjugate waves. Stimulated scattering processes'
via acoustic and molecular vibrations have the disadvantage of high threshold intensity
(> MW/cm?) and large frequency mismatch (> 1| GHz). Photorefractive materials®3 are
restricted by their slow build-up time (> minutes) and an intensity dependent response time
(> seconds for typical cw laser input power). However both share the unique advantage
of possesing large phase conjugate reflectivity. For example, reflectivity as large as 60% in

barium titanate and > 90% for stimulated Brillioun scattering have been measured.

Recently, we reported the demonstration of self~-pumped phase conjugation in sodium
vapor at visible wavelengths.* A measured reflectivity of 2% , response times of tens of nsecs .
small frequency mismatch (within 500 kHz which is on the same order as the frequency jitter
of the laser) and a threshold intensity of 10 W/cm? indicated the potential of alkali vapors
as a reasonable self-pumped phase conjugate mirror. This letter reports the observation
of self-pumped phase conjugation in cesium vapor,> whose 6Sy/; — 6Py, electric dipole

allowed transition is accesible by 852 nm sources. This demonstration opens the door for
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the potential role of resonant materials in self-generated nonlinear optical applications that
employ compact semiconductor laser diodes.

The physical mechanism responsible for self~-pumped phase conjugation in resonant ma-
terials is self-génerated intracavity four-wave mixing through two-wave mixing gain.*® In a
nutshell, the input optical beam induces resonance fluorescence radiation. a small portion
of which propagates along the optical axis of the cavity. Energy transfer from the input
beam to the nearly co-propagating fluorescence radiation takes place by means of coherent
scattering of the input beam from the traveling wave grating produced by the interference of
the input and nearly co-propagating fluorescence radiations. Hence it leads to an enhance-
ment of the intracavity radiation. Phase conjugation occurs via a four-wave mixing process.’
where the counterpropagating pumps are the standing waves in the cavity and the probe
is the input beam. The intracavity four-wave mixing process can take place provided that
the fluorescence radiation is coherent with the input beam. This is the case for resonant
medium whose linewidth is larger than the laser linewidth. Such a condition is satisfied in

our experiments.

A 3 cm long glass cell fitted with Brewster-angled windows placed at the center of an
linear optical cavity comprised the self-pumped conjugator. Curved high reflector mirrors
(r = 30 cm) placed 56 cm apart produced a beam waist at the center of the resonator with
a radius of approximately 120 um. The incoming laser beam was directed into the cesium
cell at an angle on the order of half a degree with respect to the resonator axis so that its

115 um radius waist was spatially coincident with that of the resonator mode.*

Experiments were conducted with the cw laser source set near the D; line in cesium
(A = 852 nm) at detunings on the order of 1 GH z on the low frequency side of the resonance.
A typical scan of the reflectivity as a function of laser frequency is shown in Fig. 1 for a pump
intensity of 290 W /cm? in the cell and a cesium temperature of 109 °C. The phase conjugate
return signal is obtained over a frequency span just under 1 GHz, although a relatively small

amount of return energy is obtained at larger detunings. At the larger detunings the cesium
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resonator was still oscillating at a power level that was about the same at that obtained
for the range of detunings that produced a strong return signal. This behavior is similar to
results obtained previously in sodium vapor. It is attributed to the different gain mechanisms
associated with the two-wave mixing process. In general, the resonator will oscillate due
to both a nearly-degenerate (Raleigh) gain process and a three photon gain process that
provides gain over a range of frequency that is shifted from that of the original laser beam
by approximately the generalized Rabi frequency.® However, the return signal is obtained at
frequencies close to that of the pump beam that experience net gain in the resonator due
to the Raleigh feature. At the larger detunings mentioned previously the net gain is due

mainly to the three photon process and thus does not yield a strong return signal.

The effects of varying the pump beam intensity within the cesium vapor are shown in
Fig. 2. A threshold intensity of about 35 W/cm? was measured for the phase conjugation
process. This measurement was performed at a detuning of about —0.8 GHz from line
center which maximized the reflectivity at the highest pumping level shown in the figure.
This threshold is not, in general, the same as that for oscillation in the resonator since
the three photon process will typically yield a different oscillation threshold. However, the
oscillation threshold for frequencies at which gain is provided by the Raleigh feature does
appear to be the same as that for the phase conjugation process, as expected.

Varying the temperature of the cesium reservoir (number density) showed that phase
conjugation is obtained for a finite range of temperture with a maximum reflectivity obtained
at about 110 °C for the conditions of our experiment. This effect (shown in Fig. 3) is
consistent with the variation of the Raleigh gain with temperature that we have determined
from two-wave mixing experiments in sodium vapor.

We have demonstrated and characterized a self-pumped optical phase conjugation pro-
cess in cesium vapor at typical laser diode wavelengths. This work has shown that the
threshold for this process is low enough that it is feasible to attempt to employ this type of

conjugator in applications which utilize laser diode sources.
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LIST OF FIGURES
Figure 1 Phase conjugate reflectivity as a function of laser frequency.
Figure 2 Variation of reflectivity with pump beam intensity within the cesium vapor.

Figure 3 Dependence of the phase conjugate reflectivity upon the temperature of the cesium

reservoir (number density).
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Pressure—-induced coherent energy transfer
and temporal oscillations of two—wave mixing
in sodium vapor

Celestino J. Gaeta and Juan F. Lam

Hughes Research Laboratories, Malibu, California 80265

An experimental investigation of collision-assisted energy transfer from a strong
pump beam to a weak probe in pressure-broadened sodiumn vapor is discussed.
A peak gain coefficient of 0.7 cm~! was measured for a cw pump intensity of 25
IV/em3. At higher intensities temporal oscillations of both two-wave mixing gain
and the transmission of an isolated cw laser beam were observed and characterised.
An explanation for this latter effect in terms of light-induzed drift and diffusion is

also presented.

The study of collision-aided processes in atoin-laser interactions has led to the understanding
of novel nonlinear optical phenomena. Pressure-induced extra resonances!, collisional nar-
rowing of the population?- and Zeeman®-mediated spectral lineshapes and pressure-induced
cavity oscillation* are just recent examples in the context of four-wave mixing. A physical
interpretation of the changes in the four-wave mixing signal is the non—cancellation of the

quantnm mechanical amplitudes due to the presence of a state—selective collisional process.

We report the observation of collision-aided energy transfer between two optical heams
oscillating at different frequencies. The theory of such a process was put forward by Berman,
Khitrova and Lam®. Using a density matrix approach, the two-beam coupling coefficient
exhibits a pressure dependent term that provides an intensity gain for the weak optical beam
at the expense of the strong optical beam. Collisions play a significant role. It induces a

phase shilt (> 0°) between the interference pattern of the two beams and the population
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difference. This phase shift allows a transfer of energy from the strong optical beam to the
weak optical beam. At higher intensities we observed and characterized temporal oscillations
in both the pump beamn transmission through sodium vapor and the associated two-wave

mixing gain in the presence of a hufler gas.

Noulinear wave mixing processes involving the interaction of two optical fields in a res-
onant medium which allow the transfer of energy from one beam to the other have been
used to demonstrate low—power techniques for producing phase conjugate waves that do not
require separate pump beams.® Such a self-pumped phase conjugator is in the form of a
laser resonator which uses two-wave mixing as the gain mechanism. The counterpropagat-
ing fields within this resonator would then interact with the pump laser beam to produce a
fourth optical field (phase conjugate to the pump beam) via an internal four-wave mixing

process.

Two-wave wixing gain due to both the ac-Stark effect” and stimulated Raman scattering®}j
has been observed in sodium vapor. These gain processes typically require cw pump intensi-
ties in the range of hundreds of watts per square centimeter. We report here the observation
of gain using a collision-assisted process which may be implemented using a pump intensity
that is an order of magnitude lower. In this type of interaction a strong pump beam and a
relatively weak probe beam are overlapped with each other at a small angle (< 0.5°) inside of
a nounlinear resonant medium. The two heams produce an interference pattern which results
in an jndex of refraction grating through the nonlinear response of the medium. Energy
transfer from the pump to the probe beam can occur when the population grating is tem-
porally delayed with respect to the interference pattern. Normally the interference pattern
and the grating are in phase. Ilowever, in the presence of collisions and when the pump and
probe laser frequencies do not coincide, the population grating can be delayed. The pump
beam cun then reflect from this grating into the probe path (in phase with the probe beam)

resulting in gain for the optical field of the probe laser.

A diagram of the experimental arrangement is presented in Figure 1. The mixing process
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occurred in a 1 ¢m long metal cell with sodium densities on the order of 10!! ¢ 3. Since
the theory of the two wave optical process to be studied here assumes a pressure-broadened
transition in the sodinm vapor, argon gas was introduced into the cell at pressures up to
100 Torr. A Coherent model 590 passively stabilized single frequency dye laser served as
the pump beam. This laser is capable of providing power densities in the range of tens of
watts per square centimeter in a single longitudinal mode, which is close to the theoretically
determined levels needed to drive the nonlinear susceptibility. Part of the output [rom the
590 was directed into a reference sodinm cell equipped with an orthogonal viewport to allow
the fluorescence to be monitored. Observation of both the fluorescence level and the 590
spectrum on a scanning Fabry I'erol was used to set the 590 laser frequency to the desired

detuning from the center of the sodium resonance.

A relatively weak probe beam from a Coherent 699 autoscan single frequency ring dye
laser was introduced into the metal cell so that it overlapped with the pump beam at a
small angle (< 0.5°). The probe beam was amplitude modulated using a chopper at a rate
of approximately 1 kH z allowing lock-in amplifiers to be used in the detection system to
provide a better signal/noise ratio. Part of the probe beam was diverted into a detector so
that probe beam power could also be monitored. Both the reference and transmitted probe
beam power levels were recorded as the probe frequency was scanned through the sodium D;
resonance. The 699 autoscan laser system is computer controlled and includes an integral

wavenieler and interface electronics which record data as a function of laser frequency.

Gain was observed for the forward probe beam within the resonance with the pump laser
frequency detuned by about 1.5 GHz on either side of the center of the sodium transition.
The transmission of the probe beam through the sodium cell as a function of probe laser
frequency is shown in Figure 2 for three cases. These curves actually represent the ratio of
transmittcd probe heam power to a reference probe power level, measured hefore the cell
(see Fignre 1), so that the effects of output power variations in the probe laser could be

reduced. One scan (Figure 2a) is a reference in which the pumnp laser was blocked and no
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bufler gas was present. Under these conditions the probe beam is strongly absorbed within
the resonance. When argon huffer gas was introduced into the sodinm system at pressures in
the range of 10-80 Torr the transmission characteristic for the probe beam was modified in
the presence of the pump heam and exhibited gain, as shown in Figures 2b and 2c. A peak

gain coeflicient of 0.7 cm !

was obtained for an argon bufler gas pressure of 60 Torr (Figure
2c¢). Iigher buffer gas pressures appeared to have a quenching effect on the gain. We believe
that this is due to collisional depopulation of the upper level of the sodium transition. This
is a competing process which reduces the gain at sufficiently high pressure. Pump beam
intensity is estimated to have been approximately 25 IV /cm? while the probe intensity was
about a factor of 50 below the pump level. The dip in the center of the curve in Figure 2b is
believed to be due to the fact that the absorption is strongest in the center of the resonance

and may dominate over the gain under certain conditions. In the wings of the resonance the

absorption is reduced so that the two-wave mixing gain dominates.

Laler the experimental set—-up was upgraded by replacing the pump source with a Coher-
ent 699-21 actively stabilized ring dye laser. A 3 ¢ long quartz cell fitted with Brewster-
augled windows was also substituted for the metal cell as a prelude to work with sodium
oscillators. Laser beam waist radii in the cell were 125 um and 260 um for the probe and

pump beams, respectively.

When the two-wave mixing experiments were resumed much higher pump powers were
employed in order to evaluate two-wave mixing gain resulting from the ac-Stark effect.
Under the appropriate conditions, and only in the presence of a buffer gas (argon), oscillations
were ohserved in the transmission of both the cw pump and probe optical fields. The probe
field was still amplitude inodulated at 1 kH z prior to injection into the cell to allow for phase—
sensilive detection. [lowever, the oscillations were observed to have much longer periods (on
the order of seconds to tens of seconds) and were present on the pump beam even with the
probe heam blocked. Such oscillations have previously been observed in sodium vapor for a
cw laser heam but the phenoinenon was not fully characterized as a function of experimental
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parameters. We have extended the previous work to include such a characterization, as well

as the effects upon two-wave mixing gain.

A Lypical temporal sequence is shown in Fig. 3 for the case of both the pump and probe
beams present. The plots represent the transmission of the laser beams through the sodium
cell as a function of time. At the start of the sequence both laser beams are blocked before
the cell in order to mark the zeco transmission levels. After a time, the probe beam is
unblocked to indicate its transmission level without a two-wave mixing assist. Next, the
pump beam is unblocked causing the probe beam transmission to approximately double.
After a few seconds argon buffer gas is added to the cell at a pressure of 1 Torr. At this
time the transmission of the pump beam through the cell decreases rapidly to zero while the
probe beam transmission increases by about 50% (a factor of 2.5 increase due to two-wave
mixing overall). The pump and probe beamn power levels at the output of the cell then
hegin to oscillate with a period of about 10 seconds and a phase difference of approximately
270° (transmitted probe oscillation delayed about 7.5 seconds with respect to that of the
puinp. During the oscillations the transmitted pumnp beam power alternated between zero
and a level about 30% lower than the level obtained prior to the introduction of the buffer
gas. It is interesting Lo note that during the on state for the pump its transmitted power
level decreases approximalely linearly until it is reduced by a factor of about two and then
switches very quickly to zero. During this decrease the transmitted probe beam power level
is increasing relatively slowly as shown in Fig. 3 until the pump beam transmission switches
tu the off state resulting in the probe transmission suddenly switching to its maximum level.
In contrast, the transition from off state to on state for the pump, or the converse for the
probe, is very rapid. When the buffer gas is removed the pump and probe beam power levels

at the ontput of the cell are once again constant in time.

These results were vbtained for temperatures of 261 °C and 227 °C for the cell body and
reservoir regions, respectively, and a pump beam intensity of 280 ¥ /em? in the cell region.

The pump beam frequency was about 0.5 GII z below the center of the sodium Dj resonance

I-5




while that of the probe beam was about 5.7 GHz below linecenter.

The oscillations were also observed at other values of probe detuning with that of the
pump beam set at approximately the same value as in the previous case. For example, when
the probe detuning was set at A = 2.9 GHz (above linecenter) and the pump heam was
unblocked the probe transmission was reduced to 1/3 of its original level. In the presence of
argon bulfer gas (1 Torr) the pump and probe power levels at the output of the cell dropped
to zero and after an interval of about 25 seconds began to oscillate with a period of about
6 seconds. The oscillation of the probe transmission was delayed from that of the pump
by approximately 5 seconds (300°). When the buffer gas was removed the pump and probe
power levels after the cell returned Lo their respective values before the buffer gas was added
after a buildup on the order of 50 seconds. The prunp beam was then blocked and the probe
transmission returned to its initial level. The experiment was repeated for a probe detuning
equal to that of the pump. In this case the same oscillations were present for the pump
beam transmission but that of the probe was essentially zero at all times. This is because
the probe frequency was set closer to linecenter and the probe was highly absorbed. Since
its frequency was nearly identical to that of the pumnp beam the population and interference
gratings were not properly delayed with respect to each other and two-wave mixing gain did

not occur for the probe beam.

Oscillations were obscrved for the pump beam even with the probe beamn absent. A
plot of the variation of the oscillation period with buffer gas pressure is presented in Fig.
4a for a pump beam intensity of 280 W /cm? and pump beam detuning of —0.5 GI{z from
linecenter. The period increases from just under 10 seconds at a pressure of 1 Torr to almost
200 seconds at 40 Torr. The functional relationship appears to be nonlinear. I'ig. 4b shows
the effect of varyiug the pump Leam intensity for a buffer gas pressure of | Torr. The
oscillation period appears to vary nonlinearly with intensity. A threshold for the oscillations
was also observed and measured to be about 165 1" /cm?. Below this threshold the pump

heam transmission went to zero when the buffer gas was added and did not recover. It is
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interesting to note that although the period increases as the intensity is increased the buildup
time for the oscillations to occur after the introduction of the buffer gas was observed to
decrease dramatically from ten’s of seconds for intensities close to the threshold level to a few
seconds at higher intensities. The period obtained for an iutensity of 280 1§ /cm? is slightly
higher in Fig. 4b than that discussed eatlier in the temporal sequences and is probably due
to the fact that the data in Fig. 4b was taken on a different day and the detuning may have

been slightly different.

A plausible explanation of the temporal oscillation can be given in terms of the phe-
nomenon of light induced drift. In a nutshell, the different collisional cross sections for the
exciled and ground states of the D3 line of sodium atoms produce a net macroscopic velocity
of the atoms along the axis of the optical beam. This atomic drift produces a cluster of atoms
towards the end of the cell, leading to a light-assisted temporal increase of the sodium vapor
density in that location. The higher density gives rise to a decrease of optical transmission
hecause of increase absorption. [lowever, the effects of diffusion eventually lead to a decrease
of the density of the cluster, lcadiug to increase optical transmission. This process repeats

itsell provided that the bufler gas pressure is mantained in the cell.

We carried a detailed calculation of the eflect of light-induced drift on the temporal
behavior of two-wave mixing processes. Starting fromn the density matrix equations, we
derived the microscopic equations for the population difference and the optical coherence,
and the macroscopic equations for the average density and velocity of the atoms. A nonlinear
difusion equation for the atomic deusity was derived, and whose qualitative solution exhibits
oscillatory behavior as a function of time. Furthermore, the theoretical model predicts that
the rise time of the oscillation is inversely proportional to the laser intensity and the buffer

gas density, in qualitative agreement with experiments.
The measurements described above show that a relatively low power cw-pumped two-

wave mixing process is possible in resonant systems. In fact, this type of gain has been used

to demonstrate a nnidirectional ring laser. This process may also be useful in reducing the
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operating intensity levels of self-pumped phase conjugate mirrors in resonant media such
as sodinm and cesium vapors from lhundreds to tens of watts per square centimeter. The
vscillations observed in the presence of hufler gas have a delinite impact upon devices based
upon two-wave mixing gain and our characterization is an important step in understanding

ane possibly conteolling this phenomenon and its implications.

The authors would like to thank Rick Harold for his assistance in performing the exper-
iments, as well as Tony Pepitone for his help with the vacuum system used to evacuate the
sodium cell. This work was supported by DARPA/ONR under contract #N00014-87-C-
0099, Army Research Office under contract #DAAL03-87-C-0001, and Air Force Office of
Scientific Research under contract #F49620--88-C-0042. The results of this work were first
presented at CLEO’88 and IQEC’90.
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LIST OF FIGURES
Basic two-wave mixing geometry.

Plots of the transmission of the probe beam through a pressure-broadened sodium vapor
for (a) no pump beam or buffer gas present. Two-wave mixing gain lineshapes for a pump
intensity of 25 1¥"/¢cm? and argon buffer present at pressures of (b) 40 Torr and (c) 60

Torr.

Temporal oscillations of the transmission of puinp and probe beams through sodium

vapor in the presence of argon buller gas.

Variation of the oscillation period with (a) buller gas pressure for a pump beam intensity

of 25 W /cm? and (b) pump beam intensity for a buffer gas pressure of 1 Torr.
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Two—Wave Mixing Processes
In
Resonant Systems

Celestino J. Gaeta, Juan F. Lam and David M. Pepper

Hughes Research Laboratories, Malibu, California 90265

A review of near-resonant two-wave mixing processes in atomic systems is pre-
sented. The physical mechanisms giving rise to energy transfer between two optical
beams are discussed and competing effects from light-induced drift in the pres-
ence of buffer gases are quantified. Applications to ring resonators, self-pumped
phase conjugate mirrors, retro-modulators and beam clean-up and combining are

described.

1. INTRODUCTION

The study of coherent nonlinear optical processes has led to the discovery of energy transfer
phenomena among spatially overlapping optical beams. The best known examples are the
processes of stimulated Brillouin! and Raman scattering.? These phenomena are character-
ized by the optical excitation of spontaneous noise arising from the random fluctuation in
the material properties, followed by a coherent amplification of the noise at the expense of
the energy of the input optical beam. The key energy transfer mechanism is the 90° phase

difference that exists between the material excitation (acoustic phonons in stimulated Bril-
| louin scattering) and travelling wave excitation (optical intensity interference pattern), as

set up by the input optical beam and its associated noise.

An important property of stimulated Brillouin scattering was discovered by Zeldovich et
al® and Nosach et al.? If an input optical beam is passed through a distorting medium and
its output is focused into the Brillouin cell, the stimulated Brillouin backscattered beam has
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an optical phase which is the conjugate of that at the entrance of the cell. Hence. it allows
the backscattered beam to trace back through the aberrating medium. producing an output
optical heam which is as clean as the input optical beam. This simple experimental finding

gave birth to the field of nonlirear optical phase conjugation.

Recently. much excitement’® has been generated in the field of photorefractive materials
which possess the energy transfer behavior when two optical beams are set up inside the
crystal with the appropriate orientation of their polarization states. However. the mechanism
responsible for the origin of this phenomena traces back to the 90° phase shift. In the case of
photorefractive materials the internal space charge field plays the role of acoustic phonons.
while an optical intensity interference pattern is always present. Phase conjugation was
also discovered to be naturally occurring if stimulated backscattering of radiation is made

possible.

The concept of energy transfer can be extended to the case of resonant systems. Indeed. -
early experiments® using an atomic beam of sodium and two tunable dye lasers demonstrated
the optical gain experienced by one laser at the expense of the other laser. Since then.
several experiments’ 10 have also shown that the addition of buffer gases to the atomic cell
can provide an enhanced energy transfer between two optical beams. The subject of this
article is to provide a comprehensive review of our present understanding of energy transfer

in resonant atomic systems as well as to describe novel applications that employ this concept.

Section 2 is devoted to the detailed physics of resonant two-wave mixing. The effects of

high optical intensity and buffer gases on the behavior of the gain coefficient are examined.

Dynamical phenomena such as light-induced drift are reviewed in order to guide the reader to

the subject of temporal oscillations of optical beams. Section 3 represents a state-of-the-art
review of four different applications in optical signal processing that result from the physical
behavior of the resonant systems in the presence of two or more optical beams. Applications
such as optical resonators, self-pumped optical phase conjugators, retro-modulators and

laser beam clean-up and combining will be discussed. We conciude in Section 4 by pointing
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out several outstanding problems that deserve further study.

2. PHYSICS OF RESONANT TWO-WAVE MIXING

In the following sections we will discuss the basic physics of two-wave interactions in two-

level atomic systems. including important collisional effects.

2.1 Dynamic Stark Effect

Coherent energy transfer between two optical beams was predicted by both Haroche and
Hartmann,!! and Mollow!? in their analyses of strongly driven two-level atoms. Wu et al®
observed the effect of energy transfer between two optical beams when they overlap inside
an atomic beam of sodium. They found that the optical beam with an oscillating frequency
which is downshifted by the Rabi flopping frequency experiences gain . Their explanation of

the phenomena is based on the existence of the dynamic Stark effect.

The dynamic Stark effect was first discussed by Autler and Townes!? and is just a .-

manifestation of the saturation behavior of an atomic system when acted upon by a coherent
radiation field. In the jargon of laser physics, it gives rise to power broadening.!* In the jargon

of atomic spectroscopy, it originates the dressed atom picture.!®

Coherent energy transfer is quite easily understood within the dresséd atom picture, as
described by Cohen-Tannoudji and Reynaud!® in their classic description of driven stationary
two-level atoms exhibiting homogenous broadening. In this picture, the effect of a radiation

field E on an atomic transition is treated in equal footing with the atomic and radiation

Hamiltonian. That is,

H = Hatom+HfieId-ﬁ'E(th) (1)
where Hatom is the atomic Hamiltonian with eigenstates | a >, Hyjeyq is the radiation field
Hamiltonian with eigenstates | n >, /i is the electric dipole moment operator and E(F,t) is
the radiation field at position 7 and time ¢. The unperturbed state of the system of atoms
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and the radiation field is given by the set {| @ > = | n >}. The effect of the electric dipole
coupling to the radiation field is to induce a coherent mixing of the unperturbed states. In
the quantum mechanical regime. the Schrodinger equation can be solved for the Hamiltonian
(Equation (1)) using the rotating wave approximation. Consider the case where an incident
strong pump and a weak probe beam interact with a set of two-level atoms. A perturbative
approach is used in order to to study the behavior of the weak probe beam as the strong
pump beam modifies the atomic states. Hence. a solution is found first for the case of the

strong pump beam and subsequently used to study the evolution of the weak probe beam.

In the presence of the strong pump beam, the eigenstates of H are given as a linear

superposition of the unperturbed states in the following form

| +,n >=sinf | g,n > +cosd |e,n—1> (2a)

| -, n >=cosf | g,n > —sinb |e,n—1> (26)

where tanf = 4Q/A. Here, A and Q = - E/h are the light detuning from resonance and
the Rabi flopping frequency, respectively. The physical description of the new eigenstates is
illustrated in Figure 1. In the absence of electric dipole coupling to the radiation field, the
system consists of a series of pairs of ground state with n photons present, | g,n >, and an
excited state with n — 1 photons present, | e,n — 1 >. The frequency separation between
two adjacent pairs is given by the laser frequency, w. The separation between components of
the same pair is determined by A, as illustrated in Figure la. In the presence of an electric
dipole coupling to the radiation field, each atomic eigenstate is split into a pair of dressed
states, as shown in Figure 1b. The separation between pairs of eigenstates is given by the
laser frequency, while the separation within a given pair is determined by the generalized
Rabi flopping frequency, VAZ + Q2.

The population of each dressed state obeys a rate equation in the limit that the radia-
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tion field is classical (photon number n is large compared to unity). (‘ohen-Tannoudji and
Revnaud derived an expression for the population. P,. of the components of each pair of

dressed states. They are given by

sinif
PL= ——nu-— (3a)
* 7 sintd + cosid .
ig
po=—27 (3b)

sintf + costl
These equations have a simple physical interpretation in the limit of small pump intensity.
Expanding the trigonometric expansion for small values of 8, one finds that P. > P,. This
fact represents the absorption of the pump beam. Equations (3a) and (3b) are valid. however.

for all values of pump intensity and show that their is no population inversion as seen by

the pump optical field.

However. if a probe beam has an oscillating frequency which is distinct from that of the
pump beam, it is possible for the probe beam to acquire gain at the expense of the pump
beam. The energy transfer process in the presence of a dressed atom is illustrated in Figure
2. It depicts the dressed states induced by the strong pump beam. Takit}g into account that
the P_ > P,, the probe beam experiences amplification if its frequency is tuned between

dressed states | —,n > and | +,n — 1 > at a frequency w; — VAZ? + Q2.

An important result obtained by Cohen-Tannoudji and Reynaud is the condition at
which the amplification of the probe beam is optimized. They found that the maximum
gain was obtained for A = 0.334Q which yielded a value of approximately 4.6% for the

" conditions of their analysis.

The analysis of energy transfer processes in inhomogenously broadened systems has been
carried out in great detail by Khitrova, Berman and Sargent,!” and Gruneisen, MacDonald
and Boyd.!? The latter set of researchers performed experimental, as well as theoretical.

studies of this type of two-wave interaction. Their results confirm the dressed atom picture.
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We also conducted two-wave mixing experiments in sodium vapor using a pair of Coher-
ent 699 actively stabilized single frequency ring dye lasers. One of the lasers is an autoscan
laser svstem which is computer controlled and includes an integral wavemeter and interface
electronics which record data as a function of laser frequency. This laser served as the probe
laser while the other functioned as the pump in the nonlinear mixing process. The nonlinear
interaction occurred in a 3 cm long quartz cell with windows cut at Brewster's angle in
order to minimize Fresnel reflections. The outputs from both sources were directed into this
cell. Pump beam power was maintained at a constant cw level while the probe beam was
amp'itude modulated using a chopper at a rate of approximately 1 kHz allowing a lock-in
amplifier to be used in the detection system to provide a better signal/noise ratio. Part of
the incident probe beam was diverted into a detector so that probe beam power could also
be monitored. Both the reference and transmitted probe beam power levels were recorded

as the probe frequency was scanned through the sodium D; resonance.

Plots of the probe beam transmission through the sodium vapor are presented in Figure
3. All three sets of data were taken with the cell body temperature set at 250 °C. A
reference scan is shown in Figure 3a with the pump beam blocked at the cell entrance. This
data simply illustrates the strong absorption of the probe beam by the atomic system at
the sodium reservoir temperature (which drives the number density) of 200 °C. When the
pump beam was unblocked the probe laser beam was amplified as it propagated through
the cell for certain detunings from the center of the resonance and from the pump laser
frequency (see Figure 3b). The frequency of the pump laser was tuned to approximately
1.8 GHz below the center of the resonance and its intensity was adjusted to be about 500
W/cm? in the sodium cell. Two gain features are readily discernable in the figure. One,
due to a three photon (Raman gain) process, is relatively broad (about 2 GHz) and shifted
in frequency from the pump by approximately the generalized Rabi frequency. The other
is due to Rayleigh gain and is very close to the pump in frequency (on the order of a few

hundred kilohertz to a few megahertz which is similar to the laser frequency jitter). The
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Rayleigh peak is about 300 MHz wide. Although the two features have roughly the same

magnitude in this plot. one feature can be emphasized over the other as shown in Figure 3¢
which considers the effect of a lower sodium number density (reservoir temperature ~ =0
°C). In this case the Rayleigh gain is higher than that due to the three photon process by
over a factor of two. Other values for the sodium and cell temperatures provide a much
larger chree photon peak compared to .he nearly-degenerate feature. as shown in Figure
4. One can. therefore, somewhat control the strength of each process and determine the
dominant gain feature by adjustment of the experimental parameters. This procedure is
illustrated in Figure 3 which plots the gain coefficients of the Rayleigh (nearly-degenerate)
and three photon processes as a function of the temperature of the sodium reservoir (number
density). Other experimental parameters were held constant at the same values used for the
data in Figures 3b and 3c. It is evident that at the lower temperature ranges the Rayleigh
feature dominates while the opposite is true at high temperatures. The gain coefficient for
the Rayleigh feature increases to a maximum with increasing temperature and then drops
back to zero while the analogous quantity for the other process continues to climb until it

begins to level off. Higher temperatures were not attempted due to problems with sodium

deposition onto the cell windows.

2.2 Pressure-Induced Effects

The first analysis of the effects of buffer gas pressure on two-wave mixing processes in ho-
mogeneously broadened atomic systems was discussed by Berman, Khitrova and Lam.!8 It
predicted the existence of pressure-induced coherent energy transfer between two optical
“beams, even in the absence of the dynamic Stark effect. Recently, experimental studies

performed in sodium vapor =% have confirmed all of the features predicted by the theory.

The origin of the energy transfer process is the additional phase shift imposed on the
atoms by the phase interrupting collisions. These collisional processes affect the optical
coherence of the atoms, leading to a net energy exchange.
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We shall consider the physical model of a two-level atom with ground state | 1| > and
an excited state | 2 >, separated by frequency «,. The excited state spontaneously decays
back to the ground state at a rate . It interacts with radiation fields £, and E, oscillating
at frequencies w and « + §. respectively. We shall assume that « and « + & are near «, so

that the rotating wave approximation can be invoked.

The analvsis involves the perturbative solution of the density matrix equations

L, 0p L0
25(-8'§+L"VP) = [Ho,P]+[‘/sP]+lhB§ |retaz (4)
for an ensemble of two-level atoms where V = —- E and H, is the atomic Hamiltonian.

The effect of buffer gas is included in the relaxation term of the density matrix equation.

We shall consider only phase interrupting collisions. In this case,

)
% |relaz= -‘(% + F)P?l (:

(1]
—~—

where [ = aP, a is the phase-interrupting collision coefficient and P is the pressure of the

buffer gas.

The third order perturbative solution for the optical coherence gives.

prt = (<2® /W) N{A| By P E, + B | E, |* E, } e'F 7-iet (6)

where
A=L*(A+6) (-71-) (L(A) + L*(A)) + (7—_15) (L*(A + 6) + L(A)) (M)
B =LA +9) (%) (L*(A +6) + L(A + ) - (8)

with L(A) = 1/(721 +1A) is the Lorenztian lineshape function, A = w — w, is the detuning
of E, from atomic resonance, ¥21 = ¥/2 + aP is the optical dephasing rate, N is the density
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of atoms and g is the magnitude of the electric dipole moment between excited and ground

states.

Equation (6) has simple physical interpretation. The first term on the right hand side
is the two-wave mixing contribution. It gives rise to energy exchange between two optical
beams. as well as an additional optical phase shift due to the presence of £,. The second
term is just the self-induced change in the index of refraction and nonlinear absorption
coefficient. The third order optical coherence is used in the definition of the polarization

density P(7.t) = Trace(pu), which is the source term in the Maxwell’s equations.

The evolution of the slowly varying envelope quantity E, is described by

dE,
dz

=-A(A|E, I +B| E, [*) E, (9)

where A is a constant. Hence, the real part of A describes the effects of energy exchange. -

while the imaginary part of A is the pump-induced index of refraction. A simple expression
can be obtained for the real part of A in the regime where A > v7;. i.e. the case of far
detuned from resonance. An expansion of the real part of A as a function of the ratio of

Y21/ A gives

L Jmf 2P} 8, p L
Re(A) = G107 {A2 (l+ ” ) A20P72+62} (10)

The first term is just the linear absorption coefficient while the second term is the nonlinear
contribution. There are three important conclusions from this analysis. First, the nonlinear
— contribution to the absorption coefficient depends on the sign of §/A. It gives rise to gain if
it is positive. Second, the nonlinear contribution is proportional to the pressure of buffer gas
for low enough pressure and saturates at higher pressures. Finally, the spectra of the weak
optical beam will exhibit a dispersion profile as a function of é. The effect of inhomogenous

broadening on the gain of the weak beam has been carried out in detail by Khitrova et al.l’
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We have observed two-wave mixing gain using such a collision-assisted process.”3 In this
tvpe of interaction a strong pump beam and a relatively weak probe beam are overlapped
with each other at a small angle (< 0.3°) inside of a nonlinear resonant medium. The two
beams produce an interference pattern which results in an index of refraction grating throush
the nonlinear response of the medium. Energy transfer from the pump to the probe beam
can occur when the population grating is temporally delayed with respect to the interference
pattern. Normally the interference pattern and the grating are in phase. However in the
presence of collisions and when the pump and probe laser frequencies do not coincide. the
population grating can be delayed. The pump beam can then reflect from this grating into
the probe path (in phase with the probe beam) resulting in gain for the optical field of the

probe laser.

The mixing process occurred in a 1 cm long metal cell with sodium densities on the order
of 10! ecm™3. Since the theory of the two wave optical process to be studied here assumes .
a pressure-broadened transition in the sodium vapor, argon gas was introduced into the cell
at pressures up to 100 Torr. A Coherent model 590 passively stabilized single frequency dve
laser served as the pump beam. This laser is capable of providing power densities in the
range of tens of watts per square centimeter in a single longitudinal mode, which is close to
the theoretically determined levels needed to drive the nonlinear susceptibility. Part of the
output from the 590 was directed into a reference sodium cell equipped with an orthogonal
viewport to allow the fluorescence to be monitored. Observation of both the fluorescence
level and the 590 spectrum on a scanning Fabry Perot was used to set the 590 laser frequency

to the desired detuning from the center of the sodium resonance.

A relatively weak probe beam from a Coherent 699 autoscan single frequency ring dye
laser was introduced into the metal cell so that it overlapped with the pump beam at a small
angle (< 0.5°). The probe beam was amplitude modulated (f = 1 kHz) and phase-sensitive
detection techniques were employed in the same manner as was done for the ac-Stark gain

measurements.
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Gain was observed for the forward probe beam within the resonance with the pump laser
frequency detuned by about 1.5 GHz on either side of the center of the sodium transition.

The transmission of the probe beam through the sodium cell as a function of probe laser

frequency is shown in Figure 6 for three cases. These curves actually represent the ratio of

transmitted probe beam power to a reference probe power level. measured before the cell.
so that the effects of output power variations in the probe laser could be reduced. One
scan (Figure 6a) is a reference in which the pump laser was blocked and no buffer gas was
present. Under these conditions the probe beam is strongly absorbed within the resonance.
When argon buffer gas was introduced into the sodium system collisional narrowing of the
resonance was observed (in the absence of the pump beam). At buffer gas pressures in the
range of 10-80 Torr the transmission characteristic for the probe beam was modified in the
presence of the pump beam and exhibited gain, as shown in Figures 6b and 6c. A peak gain

1

coefficient of 0.7 cm™" was obtained for an argon buffer gas pressure of 60 Torr (Figure 6c).

Higher buffer gas pressures appeared to have a quenching effect on the gain. We believe

that this is due to collisional depopulation of the upper level of the sodium transition. This
is a competing process which reduces the gain at sufficiently high pressure. Pump beam
intensity is estimated to have been approximately 25 W/cm? while the probe intensity was
about a factor of 50 below the pump level. The dip in the center of the curve in Figure 6b is
believed to be due to the fact that the absorption is strongest in the center of the resonance
and may dominate over the gain under certain conditions. In the wings of the resonance the

absorption is reduced so that the two-wave mixing gain dominates.

2.3 Light-Induced Drift and Oscillations

A new phenomenon, called light-induced drift, was discovered ny Bjorkholm, Ashkin and
Pearson!® who observed the macroscopic motion of the sodium vapor along the optical
beam axis. The first explanation of the phenomenon was advanced by Gel’mukhanov and
Shalagin.?® Since then, many experimental and theoretical studies®! =28 confirmed the basic
physical picture of Gel'mukhanov and Shalagin.
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The fundamental physics can be described in the following manner. Consider the collision
of a buffer gas on a two-level atom. In general. the collision cross sections for the ground
and excited states are different.>” Next. we consider the presence of a radiation field which
is detuned from atomic resonance. Due to the existence of the Doppler effect. a specific
velocity group of the atoms is resonant with the radiation field. The motion of this group of
atoms is disturbed by the buffer gas through a frictional force due to the collisional effect.

The net atomic current is given by

J=M<TS(3) > +M < 75,(7) > (11)

where M is the mass of the atom, 7 is the atomic velocity and S,(7) is the collisional integral
for state | @ >. In the absence of a buffer gas, there exists no net atomic current. However.
with the introduction of a buffer gas whose interaction with the resonant atoms is state-
dependent, a net macroscopic current is possible. The directional motion of this atomic™
current depends strongly on the sign of the laser detuning from resonance as well as the

difference between the collision cross section of the ground and excited states.

The analysis of light-induced drift has been extensively worked out by Gel'mukhanov
and Shalagin,?® Nienhaus,?® and Gel'mukhanov et al.3® For the sake c;f completeness we
point out the steps of the calculations and the analytical result for the atomic current.
The starting point in the analysis is the density matrix Equations (4), with the addition of

collisional integral for the ground and excited states,

d . . L .
—gteg leottision= Sa = =Yapaa(7,¥,t) + /dvl Ka(91 = V)paalF, 01,1 (12)

where K, (7, — #) is the collisional kernel for state | @ > and it represents the changes in
the velocity for that state upon a collision with a buffer gas. v, is the collisional decay rate
of state | @ >. The equations are solveable in the case of strong collisions. In this regime,
memory is lost after a single collision event, and the collision kernel becomes Maxwellian in
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velocity. i.e.

1 3/2 )
KNal(T) = ) = 4, (——-) e—(v/uo)’ (131

-2
TUg

where mu;/2 = 3kgT/2. kp is Boltzman's constant, T is the temperature and m is the
atomic mass. The equations for the density matrix are then decomposed into two time
scales. The fast (atomic) time regime is just the microscopic density matrix equation whose
solutions are the population difference and the optical coherence as a function of velocities.
The slow (hydrodvnamic) time regime describes the continuity equation for the space-time

behavior of the macroscopic density V(7,t); i.e.

oN .- - - -
W +V. /dv v(pll(rv U,t) + p22(r1 v, t)) (14)

where p,q is the population of state a.

The homogenously broadened solution for the atomic current density is given by

7 ( m ) AN .
J = ku?L 1
S (731 +82) T-27A(L+ m)/m (13)

with the following definitions,

n-="7 K

4l
T2y +29(1+ )1+

(16)

where k = I/I,(A), I and I, are the optical intensity and detuning-dependent saturation

intensity, respectively, and k is the propagation constant.

The physics now becomes clear from the functional dependence of Equation (15). The
atomic current is zero if either there are no collisions or the collisional effect is state inde-
pendent. The atomic current is directed along the axis of the optical beam. The sense of

the flow depends upon the difference on the collisional decay rates, v1 — 2.
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The analytical solutions obtained have reflected the condition in which there is a steadv-
state flow of atoms along the optical axis. They did not consider the temporal behavior of
the macroscopic density when diffusion becomes important. This is a very interesting case
since. as the density increases there exists a regime where atomic diffusion balances out the
increase in density. and eventually leads to a strong diffusive flow. This last event vields
a decrease in atomic density. The test of this simple phenomenon was the observation of
temporal oscillation of the transmission of a cw optical beam propagating inside of a sodium
vapor cell by Verkerk and Grynberg.3! However, the conditions of their experiments were

not ideal for the understanding of the phenomenon.

The physics of temporal oscillation can be tentatively described as follows assuming
that light-induced drift is playing a role. An input cw optical beam will experience linear
absorption as it propagates inside the vapor cell. In the absence of a buffer gas, the optical
beam will not exhibit any temporal behavior. However, as a buffer gas is allowed to mix in --
with the vapor, light-induced drift of the atoms will take place, leading to a concentration
of atomic density at one end of the cell. Since the number of atoms is fixed, the density of
atoms increases in that location, leading to a bleaching of the optical transmission. That is.
the input optical beam will cease to be transmitted in an optically thick medium. At this
stage, diffusion of the atoms starts to act as to lead to a decrease of the density of atoms
at the end of the cell. The optical beam now begins to transmit since it sees an optically
thin medium. The process is repeated again, and one observes effectively a turn-on/turn-off

event as a function of time. This process appears to be correct in view of recent related

experiments, where the oscillatory migration of the fluorescent spot has been documented

in sapphire capillaries.?® Those authors concluded that light-induced drift was probably not
the cause due to the fact that they observed the oscillations over detunings as large as 25
GH:z, which was an order of magnitude larger than the Doppler width of the resonance.
This reasoning is incorrect, however, since it neglects pressure broadening, which can easily

increase the linewidth by an order of magnitude.
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The analysis that leads to the explanation of this physical process proceeds in the same
manner as discussed above. with only one exception. The temporal dependence of the densiry
is retained. In the homogenously broadened regime. the macroscopic density of the atoms

obevs the following equation.

oN aN 2N I\ ., -
'a—t—+<t_,> 3 -D—‘:'?—-C([—,).\l =0 (17

where the second term is the convective derivative describing the flow of atoms with velocities
v, along the z direction (z is chosen to be the direction of optical propagation). the third term
is the diffusion of atoms and the fourth term describes the effect of light-induced drift. The

coefficients C and D depend upon the properties of the material. This equation is coupled

with the Beers’ law

d—I- =-GNI (18)
dz

where G depends upon the material characteristics. Equations (17) and (18) have the simple

physical interpretation that is consistent with the above physical picture.

We have performed experimental studies®3? of the oscillatory phenomenum which extend
previous work?3! in this area to include a characterization as a function of experimental

parameters such as laser intensity and buffer gas pressure, as well as the effects upon two-

wave mixing gain.

Under the appropriate conditions (described below), and only in the presence of a buffer
gas (argon), we observed oscillations in the transmission of both the cw pump and probe
optical fields during two-wave mixing experiments using gain mediated by the ac-Stark
effect. The probe field was still amplitude modulated at 1 kHz prior to injection into the
cell to allow for phase-sensitive detection. However, the oscillations were observed to have
much longer periods (on the order of seconds to tens of seconds) and were present on the
pump beam even with the probe beam blocked.
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A typical temporal sequence is shown in Fig. 7 for the case of both the pump and probe
beams present. The plots represent the transmission of the laser beams through the sodium
cell as a function of time. At the start of the sequence both laser beams are blocked before
the cell in order to mark the zero transmission levels. After a time. the probe beam is
unblocked to indicate its transmission level without a two-wave mixing assist. Next. the
pump beam is unblocked causing the probe beam transmission to approximately double.
After a few seconds argon buffer gas is added to the cell at a pressure of 1 Torr. At this
time the transmission of the pump beam through the cell decreases rapidly to zero while the
probe beam transmission increases by about 30% (a factor of 2.5 increase due to two-wave
mixing overall). The pump and probe beam power levels at the output of the cell then
begin to oscillate with a period of about 10 seconds and a phase difference of approximately
270° (transmitted probe oscillation delayed about 7.5 seconds with respect to that of the

pump). During the osc 'lations the transmitted pump beam power alternated between zero

and a level about 30% lower than the level obtained prior to the introduction of the buffer-

gas. [t is interesting to note that during the on state for the pump its transmitted power
level decreases approximately linearly until it is reduced by a factor of about two and then
switches very quickly to zero. During this decrease the transmitted probe beam power level
is increasing relatively slowly as shown in Fig. 7 until the pump beam transmission switches
to the off state resulting in the probe transmission suddenly switching to its maximum level.
In contrast, the transition from off state to on state for the pump, or the converse for the
probe, is very rapid. When the buffer gas is removed the pump and probe beam power levels

at the output of the cell are once again constant in time.
These results were obtained for temperatures of 261 °C and 227 °C for the cell body and
reservoir regions, respectively, and a pump beam intensity of 280 W/cm? in the cell region.

The pump beam frequency was about 0.5 GHz below the center of the sodium D, resonance

while that of the probe beam was about 5.7 GHz below linecenter.

The oscillations were also observed at other values of probe detuning with that of the
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pump beam set at approximately the same value as in the previous case. For example. when
the probe detuning was set at A = 2.9 GHz (above linecenter) and the pump beam was
unblocked the probe transmission was reduced to 1/3 of its original level. In the presence of
argon buffer gas (1 Torr) the pump and probe power levels at the output of the cell dropped
to zero and after an interval of about 25 seconds began to oscillate with a period of about
6 seconds. The oscillation of the probe transmission was delayed from that of the pump
by approximately 5 seconds (300°). When the buffer gas was removed the pump and probe
power levels after the cell returned to their respective values before the buffer gas was added
after a buildup on the order of 50 seconds. The pump beam was then blocked and the probe
transmission returned to its initial level. The experiment was repeated for a probe detuning
equal to that of the pump. In this case the same oscillations were present for the pump
beam transmission but that of the probe was essentially zero at all times. This is because
the probe frequency was set closer to linecenter and the probe was highly absorbed. Since )
its frequency was nearly identical to that of the pump beam the population and interference
gratings were not properly delayed with respect to each other and two-wave mixing gain did

not occur for the probe beam.

Oscillations were observed for the pump beam even with the probé beam absent. A
plot of the variation of the oscillation period with buffer gas pressure is presented in Fig.
8a for a pump beam intensity of 280 W/cm? and pump beam detuning of —0.5 GHz from
linecenter. The period increases from just under 10 seconds at a pressure of 1 Torr to almost

200 seconds at 40 Torr. The functional relationship appears to be nonlinear. Fig. 8b shows

the effect of varying the pump beam intensity for a buffer gas pressure of 1 Torr. The

oscillation period appears to vary nonlinearly with intensity. A threshold for the ¢scillations
was also observed and measured to be about 165 W/cm?. Below this threshold the pump
beam transmission went to zero when the buffer gas was added and did not recover. It is
interesting to note that although the period increases as the intensity is increased the buildup

time for the oscillations to occur after the introduction of the buffer gas was observed to
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decrease dramatically from ten's of seconds for intensities close to the threshold level to a few
seconds at higher intensities. The period obtained for an intensity of 230 W /cm? is slightlyv
higher in Fig. 8b than that discussed earlier in the temporal sequences and is probably due
to the fact that the data in Fig. 8b was taken on a different day and the detuning may have

been slightly different.

3. APPLICATIONS

Now we turn our attention to some devices and systems which can be realized using the two-
wave interactions we have discussed in Section 2. Optical resonators and self-pumped phase
conjugate mirrors will be discussed in the following two sections. Then potential systems
applications will be described in which such phase conjugate mirrors with a modulation
capability may be utilized. Finally, we will discuss the use of two-wave mixing gain in beam

clean-up and combining.

3.1 Resonators

An obvious application of gain resulting from a two-wave interaction is the construction
of optical resonators based upon this process. Since the gain occurs only in the forward
(relative to the pump laser beam) direction it is natural to consider only ring resonators.
Several groups have indeed experimentally demonstrated such devices,®3* based upon a

two-wave interaction, which may be useful in laser gyroscopes, for example.

Grandclément, Grynberg and Pinard® have achieved oscillation in a sodium-based ring
oscillator using gain due to collisional effects. Their results are in agreement with Equation
(10) and our own pump/probe gain measurements (see Section 2.2). Ring lasing in sodium
vapor using the ac-Stark effect was accomplished by Khitrova, Valley and Gibbs3* who also

(briefly) considered optical instabilities.

Another application of two-wave mixing that is not quite so apparent is its use as the
gain mechanism in linear (standing wave) resonators. Since the gain is unidirectional the
optical field inside of the resonator that is propagating in a direction almost opposite to
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that of the pump beam will, in general. experience absorption resulting in extra loss for the
resonator mode on a round-trip basis. However. the gain can be obtained with the pump
laser frequency detuned far enough from resonance so that net gain is possible on a round-trip
basis. This format. which allows for counterpropagating fields within the oscillator. makes
self-pumped phase conjugate mirrors possible in resonant media such as sodium vapor. This

is the subject of the next two sections.

3.2 Self-Pumped PCM

Optical fields traveling through aberrating media like the earth’s atmosphere often encounter
lateral variations in the refractive index of the media. These variations result in a random
transverse spatial modulation of the optical wavefront. When the fields are so distorted. any
spatial information carried by them will be more difficult for imaging (or other) processing
systems to extract. Furthermore, temporally or spectrally encoded information may also be _
rendered useless since wavefront aberrations can adversely affect the ability of a detection.
system to gather and focus the light onto a detector. Compensation for such distortions is
thus highly desireable. One method that has the potential for correcting the distortions of

optical wavefronts is optical phase conjugation.3:4-35-42

Recently, we have demonstrated a self-pumped phase conjugation process in resonant
atomic systems.43—4548.49 This approach offers a fast response time (tens of nanoseconds)
and may be implemented using relatively low power optical fields, typically tens to hundreds

of watts per square centimeter.

This method requires only a single laser beam and employs a two-wave interaction as the
gain mechanism to form a linear standing-wave sodium vapor oscillator. Similar geometries
have previously been used for barium titanate*? and carbon disulfide.3® Some earlier work
with sodium oscillators®3* employed a unidirectional ring format which lacked the internal
counterpropagating fields which are necessary to obtain a phase conjugate optical field.
Four-wave mixing®® in sodium has also been employed as the gain mechanism in both linear
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cavities?® and ring cavities.’

Initial experiments were performed in sodium vapor.*3=*> The oscillator construction
that we utilized consists of 60 cm radius of curvature high reflector mirrors placed on both
sides of a sodium cell equipped with Brewster angle windows in order to minimize Fresnel
reflection losses for the cavity mode. A mirror spacing of 36 cm supports resonator modes
with a waist radius of about 240 um at a wavelength near the sodium D, resonance (A = 339
nm). The nominally 3 cm long sodium cell is positioned in the center of the cavity lengthwise
so that its midpoint is coincident with the waist of the resonator mode. A pump beam from
a single frequency ring dye laser was directed into the sodium cell at a small angle (~ 0.5°)
to the longitudinal axis of the resonator. as shown in Fig. 9. The pump beam was focussed to
a 125 um radius waist at the location of the waist of the resonator mode. This arrangement

ensured that the mode of the pump beam fit well within that of the resonator. A two-wave

mixing interaction mediated by the ac-Stark effect then produced net gain for the oscillator

at cw pump intensities on the order of a few hundred watts per square centimeter.

While the sodium resonator was oscillating a return signal was detected using a beam-
splitter placed in the path of the input pump beam. Far—field intensity profiles of the return
signal with a static aberrator placed in the incident beam path are shown in Fig. 10. When a
flat mirror was used in place of the sodium cell the pattern shown in Fig. 10a was obtained.
The data in this figure indicate an order of magnitude increase in the far—field spot size from
the diffraction-limited case. Using the sodium cell resulted in most of the return energy
residing in a spot that is close to diffraction limited, as shown in Fig. 10b. The expected
diffraction-limited spot size was estimated by calculation as well as by measurement of the
return from the flat mirror with no aberrator present in the system (see Fig. 10c).

A typical scan of the variation of the return signal with the frequency of the pump laser
is shown in Fig. 1la for a pump intensity of about 1140 W/cm? in the sodium cell and a
sodium temperature of 240 °C (the cell temperature is 260 °C). Two peaks are evident in

the figure. One peak has a maximum reflectivity slightly greater than 2% and is centered
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about -3.5 GHz from the center of the sodium resonance with a span of approximatelv 0.75
GHz while the other feature has a peak reflectivity of about 0.2% located at 2.2 GHz on
the low frequency wing of the sodium transition and spanning roughly 2 GHz. The higher
reflectivity feature shown in Fig. 11a has only been observed at sufficiently high sodium
temperature (> 220 °C) and optical intensity (> 1000 W/cm?) for the input laser beam.
Threshold intensity for the phase conjugation process has been measured to be about 100

W /cm? at the sodium temperature mentioned above.

The output power of the resonator is plotted in Fig. 11b as a function of pump laser
frequency. These scans show that oscillation occurred over a slightly wider pump frequency
range than was observed for the conjugate signal but with peak locations that coincide for the
two cases. At the maximum oscillator output (or maximum return signal) the intra-cavity
intensity for the oscillating field was approximately 165 W/cm?. In some scans (not shown
here) the oscillation had also been observed over a similar frequency span and detuning on .
the high frequency side of the resonance but with about 1/3 the intensity of the low frequency
feature. When oscillation was obtained for positive detunings there was also a return signal

present but at a relatively low power level.

An examination of the frequency content of the output of the oscillator, shown in Fig. 12a,
reveals two distinct features separated by the generalized Rabi flopping frequency. One is a
single longitudinal mode due to a nearly-degenerate (with respect to the pump frequency)
gain process and the other is an ensenible of longitudinal modes due to a much broader
three-photon gain process. In contrast, the phase conjugate return from the sodium cell
~ (Fig. 12b) is composed of essentially one longitudinal mode which is close in frequency to
the nearly-degenerate oscillating mode in the resonator, as determined by a beat frequency
measurement using a frequency-shifted sample of the pump beam as a reference. Although
frequency shifts are expected between the input laser, oscillator and return optical fields,
no frequency shift has yet been observed between the oscillator and return fields. This is
believed to be due to the frequency jitter in both the oscillator output and the return signal
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due to optical path length instabilities in the resonator which is on the order of the expected
frequency shifts. The single longitudinal mode of the input laser field is shown in Fig. 12c

for reference.

Self-initiated nearly-degenerate four-wave mixing is believed to be the physical mecha-
nism that produces phase conjugate waves in this experimental geometry. Specifically. the
input pump beam coherently excites the sodium atoms and generates resonance fluorescence
radiation. modified by the ac-Stark effect. Part of the fluorescence radiation is directed along
the resonator axis and forms a standing-wave radiation field. The subsequent interference
between the input beamn and the intra-cavity radiation field leads to a buildup of the cavity
radiation field by means of two-wave mixing gain. Oscillation is established under the con-
dition that the intra—cavity radiation fields and the incident pump field serve as the input

radiation fields in a standard four-wave mixing configuration. A phase conjugate field is pro-

duced by coherent scattering of one of the intra-cavity fields from the interference pattern .

generated by the other two radiation fields. The spectral lineshape of the two-wave mixing
process employed here has two resonances that exhibit net gain behavior (see Section 2.1).
The first resonance (Rayleigh) occurs near the input pump frequency and has a dispersive
character while the second one (Raman) is shifted away from the pump frequency by the

Rabi flopping rate in agreement with the experimental results.

We also conducted experiments with the cw laser source set near the D; line in cesium?®4°
(A = 852 nm) at detunings on the order of 1 GHz on the low frequency side of the resonance.
A typical scan of the reflectivity as a function of laser frequency is shown in Fig. 13 for a
_pump intensity of 290 W/cm? in the cell and a cesium temperature of 109 °C. The phase
conjugate return signal was obtained over a frequency span just under 1 GHz, although a
relatively small amount of return energy was obtained at larger detunings. At the larger
detunings the cesium resonator was still oscillating at a power level that was about the
same at that obtained for the range of detunings that produced a strong return signal. This
behavior is similar to the results obtained in sodium vapor and is attributed to the different
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gain mechanisms associated with the two-wave mixing process.

The effects of varying the pump beam intensity within the cesium vapor are shown in
Fig. 14. A threshold intensity of about 35 W/cm® was measured for the phase conjugation
process. This measurement was performed at a detuning of about —0.3 GHz from line
center which maximized the reflectivity at the highest pumping level shown in the figure.
This threshold is not, in general, the same as that for oscillation in the resonator since
the three photon process will typically yield a different oscillation threshold. However. the
oscillation threshold for frequencies at which gain is provided by the Rayleigh feature does

appear to be the same as that for the phase conjugation process, as expected.

Varying the temperature of the cesium reservoir (number density) showed that phase
conjugation is obtained for a finite range of temperture with a maximum reflectivity obtained
at about 110 °C for the conditions of our experiment. This effect (shown in Fig. 15) is

consistent with the variation of the Rayleigh gain with temperature (see Section 2.1).

It should be noted that the reflectivities mentioned here do not represent fundamental
limits. In fact, Grynberg®® has demonstrated about 20% phase conjugate reflectivity in

sodium vapor using a variation of the oscillator discussed in this section.

3.3 Retro—Modulators

In this section, we describe a set of experiments that demonstrate the ability of a self-
pumped atomic vapor-based phase conjugate mirror to function as a retro-modulator/phase-
conjugate mirror (RM-PCM). We first motivate the topic by illustrating two potential laser
communication systems (over free-space and through an optical fiber) that employ such
a generic device as a remote sensor, followed by a brief overview of previously performed
experiments using photorefractive materials as the nonlinear element for a self-pumped RM-
PCM. We then discuss results of our experimental investigation using atomic sodium as the

nonlinear optical medium, as well as fundamental issues.
One basic goal of a system employing a RM-PCM is to relay temporally encoded infor-
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mation, such as amplitude or pulse position encoded messages. from one point to another.
This data link can be over a turbulent atmospheric path or through an optical fiber. In ej-
ther of these scenarios. dynamic phase errors can result in deleterious amplitude-modulated
noise over long-distance data links, which can obscure the desired encoded information.
Through the use of a PCM. however, this noise can be significantly reduced by virtue of
the wavefront reversal process. This enables a high signal-to-noise communications link to
be established. since only the desired information will persist. encoded onto an essentially

noiseless, wavefront-reversed optical carrier.

The heart of this class of communication link is the retromodulator/phase-conjugate
mirror. This device is passive and performs the following operations: (1) receives an incident
optical beam; (2) encodes temporal information onto the beam; and (3) returns the encoded

information back to the point of origin in a wavefront-reversed manner. We sketch below

two potential application scenarios using this device: a free space communications link and

a remote optical fiber sensor system.

A free space communications link involving such a device is sketched in Figure 16, where
the goal is to relay information from Station #2 to Station #1. Note that Station #1 in
this case possesses an optical source, whereas Station #2 has a RM-PCM and no optical
source. In this scenario, the RM-PCM is passive in that no active optical source is needed
to activate the device, other than the incident beam; that is, the RM-PCM is basically a

self-pumped conjugator.

The communications link is established by the following sequence of events: (1) Station
#1 illuminates the general vicinity of Station #2 with a broad field—of-view beacon beam; (2)
upon illumination by the beacon, the RM-PCM located at Station #2 generates a backward-
going beam which retraces its path back to Station #1, thereby establishing the link; (3)
the information to be communicated back to Station #1 is encoded onto the RM-PCM
by modulating the phase conjugate reflectivity of the device; (4) the encoded retro beam
signal propagates back to Station #1, where the desired information is detected. By virtue
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of the conjugation process. not only are the intervening path distortions corrected. but the
conjugated beam also provides a means for an automatic pointing-and-tracking function by
returning the beam back to its point of origin. As we discuss below. the temporal encoding
of the RM-PCM can be realized by myriad techniques which depend on the phyvsics behind

the specific class of interaction.

An optical fiber remote sensor using a RM-PCM is sketched in Figure 17. and involves
placing the device at one end of an optical fiber. The interrogation beam is launched into
the other end of the fiber. The RM-PCM serves a dual function: (1) it conjugates the beam
which emanates from the fiber, thereby efficiently coupling the beam back into the fiber for
its return transit: and (2) encodes the desired temporal information onto the return beam.
which is then detected back at the source end of the fiber link. Note that the system is auto-
aligned by virtue of the conjugation operation, so that the now-modulated return beam
will efficiently couple back into the fiber, even in the face of mechanical and/or thermal
perturbations. Note also, that a multimode fiber can be employed (obviating the power
handling limit of single-mode fibers) since the conjugation process compensates for waveguide
modal dispersion upon reverse transit. Use of the multimode approach may also compensate
for optical missalignments at the fiber input. Again, since the RM~PCM is a passive element.
no optical sources are required at the remote location; all that is required is a modulation

source for temporal encoding of the return beam.

The initial experiments using the retromodulator/conjugator concept involved the use of
photorefractive crystals of barium titanate as the RM~PCM.3!~%3 Using the system, we have
demonstrated high conjugate fidelity (~ 73%), good signal-to-noise performance, and high
bandwidth data handling capability (757 MHz), the latter limited not by the phase conjugate
mirror, but by our electronics; the ultimate bandwidth of this class of nonlinear medium will
be limited by conventional electro-optic engineering constraints, and is expected to approach
tens of gigahertz. Proof-of-principle experiments have been performed using different classes

and configurations of self-pumped phase conjugate mirrors, such as internally pumped “cat”
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conjugators3!3? and seeded stimulated photorefractive backscattering conjugators.> employ-
ing various modulation formats (AM. FM. PM). and using several demodulation techniques
(direct and heterodvne detection). By applying a low-voltage modulatii.iu signal across the
crystal. a temporally modulated. or encoded. wavefront reversed replica was realized: an
argon ion laser at 314.5 nm was used as the source. In our scheme. ithe crystal performs
two functions essentially simultaneously: (1) wavefront-reversal is obtained by virtue of the
refractive-index gratings formed in the crystal volume via the photorefractive effect: and (2)
temporal encoding of the diffracted output beam is achieved via bulk electro-optic modula-
tion of the crystal. It turns out that photorefractive crystals typically possess relatively large
electro-optic coefficients, so that modest modulation voltages (as low as 2 V peak-to-peak
have been demonstrated) can yield detectable returns. Although the photorefractive-based
interaction is simple, has broadband spectral response (throughout the visible and into the

near-infrared), and possesses a large field—of-view, a potential drawback lies in the finite

photorefractive response time of the crystal to dynamic input (spatial) wavefront errors.

We now discuss the results of an experimental investigation where a retro-modulator
was demonstrated using a resonantly enhanced, atomic sodium phase conjugate mirror.34>3
As opposed to the electro—optic phase modulation mechanism exploited in the above pho-
torefractive crystal-based devices, retro-modulation in the present system is realized by
amplitude modulating the threshold characteristic of the conjugator. The sodium-based
device should be capable of tracking input wavefront dynamic errors that change on a time

scale of 10’s of nanoseconds, enabling this device to easily track atmospheric distortions.®

It also has several desirable features including high spatial bandwidth, the ability to
respond to rapid (on the order of ten’s of megahertz) changes in the optical wavefronts and
low threshold power (a few ten’s of milliwatts). High temporal data rates should also be
possible (projected 100’s of megahertz to a few gigahertz bandwidth, depending upon the
modulation scheme). These features indicate that such classes of retro-modulators may be

useful in low power level free-space and guided-wave communication links, as well as in
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novel optical resonators and gyroscopes.

The basic geometry for this device consists of the same self-pumped configuration de-
scribed in Section 3.2 above. with an added intracavity acousto-optic beam deflector to
convert the phase conjugate mirror into a retro-modulator. Figure 18 shows a sketch of the
experimental apparatus. The acousto-optic modulator is placed in the sodium resonator on
the output side of the sodium cell with respect to the incident laser beam. When no drive
signal is applied to the modulator, the intracavity fields pass through the acousto-optic crvs-
tal unperturbed, resulting in a steady-state conjugate return. However, when a voltage is
applied to the modulator, some of the energy of the cavity mode is deflected away from the
resonator axis, thus effectively missaligning the resonator and terminating the oscillation. as
well as the phase conjugate return beam. Therefore, the acousto—optic moduiator encodes
temporal information onto the return beam by amplitude modulating the phase conjugate
reflectivity. For the purposes of modulation the time required for the population gratings to
decay is not as significant as the time necessary to form them. This is because the return
(phase conjugate) signal is turned off as soon as the backward travelling resonator mode is
blocked by the modulator since it is this optical field that forms the return when it diffracts
from the grating formed by the incident field and the forward travelling resonator mode.
Therefore, the ultimate limitation in the turn-off time lies with the modulator. In contrast.
the population grating buildup rate in the nonlinear medium must be much faster than the
modulation rate. Since the response time of sodium vapor is on the order of 10 nsec, this
means that the ultimate modulation rate that could, in principle, be achieved using ampli-
tude modulation is on the order of 100 MHz. However, in practice this limit may be reduced

depending on the buildup time for oscillation in the cavity.

Experiment parameters were a sodium temperature of 240 °C and a detuning of —3.5
GHz from line—center of the sodium D, resonance (A = 589 nm) for the incident laser beam.
The intensity of the optical field in the cell was about 1140 W/cm? (this is an estimate for

the case of no thermal lensing).
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Using a square wave modulation drive signal (applied to the acousto~optic modulator)
the conjugate beam was observed to be amplitude modulated as shown in Figure 19. Two
different modulation frequencies are shown in this figure. One at 10 kHz with a modulation
depth of about 90% and the other at 1 MHz with a 70% modulation depth. The highest
modulation frequency obtained was 4 MHz, limited by the intracavity modulator. and not due
to fundamental constraints. The acousto-optic deflector was also characterized separately
to determine the degree to which the deflector performance was limiting that of the sodium
retro-modulator. This comparison showed that the decrease of modulation depth of the
retro-modulator with increasing frequency of the drive voltage was due to the acousto-
optic modulator itself. In fact, the modulation depths were better when this modulator was
used inside the sodium resonator due to the threshold condition for oscillation. Depths of

modulation for the isolated deflector were only 60% and 30% for drive voltage frequencies of

10 kHz and 1 MHz, respectively. The rise and fall times were determined to be about 300

nsec and 50 nsec, respectively, for both the phase conjugate return and the output of the
deflector when it was tested outside the resonator cavity. This result again indicates that the
limitation was due to the acousto—optic modulator and/or its associated drive electronics.
For the length of the resonator used in these experiments the cavity round-trip time was on
the order of 3 nsec. Since a few roundtrips are normally required to build up to cw oscillation
the response time of the cavity is seen to be about the same as that for the sodium vapor

itself and much less than the measured rise and fall times.

It is interesting at this point to contrast the physical mechanism for this type of retro-
modulator/conjugator with that involving a crystal of BaTiO3. In the case of the device
| geometry employed for our retro-modulator using a photorefractive material, the modulation
is obtained through the electro—optic effect for the bulk crystal. The modulation rate can
therefore be greater than the rate at which the photorefractively induced gratings can be
changed within the crystal, completely the opposite from the sodium-based device.

We have demonstrated a retro-modulator/conjugator in sodium vapor with the ability
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to simultaneously compensate for dynamic propagation phase errors (such as atmospheric
turbulence) and to remotely relay information back to an optical beacon source. essentiallv
free of intervening noise and with an inherent pointing and tracking capabilitv. Modulation
rates up to 100 MHz are projected for amplitude modulation. Higher modulation rates
may also be possible using phase or frequency modulation. In this method the cavity mode
is steered through the two-wave mixing gain envelope in order to frequency modulate the
intracavity pump beams and, in turn, the phase conjugate return signal. The limitation
upon the modulation rate in this case will depend upon the modulator which could. for

example, be of the electro—optic variety.

3.4 Beam Clean-Up and Combining

In the earlier discussion on self-pumped optical phase conjugators in atomic systems we have
indicated how two-wave mixing can be used to correct for distortions of the wavefronts of .
optical fields. Actually, in those applications it was really internal four-wave mixing that
produced a phase conjugate beam that would then be free of wavefront aberrations after
it had retraversed its path through any phase-distorting material encountered on the way
to the phase conjugate mirror. However, it should also be possible to effectively clean .p
laser beams by transfering energy from an aberrated beam to a (second) high quality laser
beam using two-wave mixing alone. Although beam clean-up using two-wave mixing has
been demonstrated in photorefractive media® it has not yet been accomplished in a resonant

atomic system to our knowledge.

Alternatively, one could combine the power of two laser beams in a two-wave mixing
process for power scaling. This has been demonstrated in both sodium”:31% and potassium3®
vapors. The experiments in sodium involved the transfer of energy from a strong laser beam
to a weak probe beam while the potassium vapor experiments were used to transfer over 85%
of the energy from one laser beam to another of approximately equal intensity. The latter

set of experiments were conducted under conditions of pulsed excitation. Two-wave mixing
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may also affect the ability to frequency-lock lasers using internal four-wave mixing.3"~3?

4, CONCLUSIONS

This chapter has reviewed some of the physics of nonlinear two-wave interactions in resonant
atomic svstems. In particular. the physical mechanisms behind the processes of energy ex-
change between two optical fields were explored theoretically and experimentally. Collisional
effects resulting from the inclusion of buffer gases into the mixing process were also consid-
ered. An interesting phenomena of temporal oscillations in the transmission of a cw laser
beam through pressure-broadened sodium vapor and the associated effect upon two-wave
mixing was discussed. This oscillatory behavior could have an important impact upon the

performance of devices and basic energy tranfer processes based upon multi-wave interac-

tions.

Some of these devices have been covered here including optical resonators, self-pumped

phase conjugators and retro-modulators. Atomic systems that were investigated experimen-
tally are sodium, cesium and potassium vapors. However, the results are general and should

apply to other media that may be modeled as two-level systems.

In spite of this extensive work, there are important questions that remain to be answered.
From the point of view of coherent energy transfer processes, the physics of beam-induced
cross saturation of the transitions is yet to be determined. An interesting topic of research
is the existence of spatial dressed states produced by two optical beams of nearly identical
intensities. The effect of such states upon the maximum allowed two-wave mixing gain
should be considered. These questions have a direct bearing on the maximum reflectivity

" that can be achieved in the self-pumped phase conjugate mirror and related devices.

Regarding pressure-induced effects, an important area of research such as coherent cou-
pling between two orthogonally polarized optical fields should merit further study. The
answer to this question might open a new class of devices that possess the flexibility of

information processing using non-parallel polarization states of the radiation fields.
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